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Abstract 
The 	gas-phase 	molecular 	structures 	of 
2-chioropyridine, 	3-chioropyridine, 	4-chloropyridine, 
chloropyrazine, 	1,2,3-triazine, 	1,3,5-triazine 	and 
1,2,4,5-tetrazine have been determined by electron 
diffraction, and, in the case of the first two and the 
fourth, by combining with microwave spectroscopy 
data. 
In particular interest was the combination of ring 
distortion effects arising from both the chlorine 
substituent and the nitrogen heteroatom. 
The results tend to indicate a more complicated 
system than that of purely substituent effects, an area 
already well documented. One of the interesting facts to 
emerge from this study is the possible breakdown of this 
superposition method of predicting distortions when the 
ring geometry is highly distorted from the hexagonal. When 
several heteroatoms are present in the ring, especially if 
they distort in a mutually constructive manner, such high 
distortions may result. Predictions are then unreliable 
for determining the extent to which each ring angle is 
affected. 
It was also found that the presence of the nitrogen 
enhances the power of the chlorine to distort the ring, 
adding further to the evidence that the distortions might 
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1.1. History 
It is well known that radiation exhibits particle 
properties. Evidence for this stems primarily from the 
photoelectric and Compton effects. 
The photoelectric effect was discovered by Hertz in 
1887, and is exhibited when electrons are emitted from a 
metal while it is irradiated with ultraviolet light; such 
emission occurs irrespective of radiation intensity but 
instead depends upon a certain threshold frequency, 
typical for each element. The frequency is such that 
emission occurs only if the associated energy of the 
electron, hv, is at least equal to the work function w of 
the metal, given by the Einstein photoelectric equation 
Ehv-w 
where h = Planck's constant = 6.6262 x 10 -34  Js
v - frequency 
This implies that a quantum of energy must be transferred 
by a single photon. The relativistic expression relating a 
particle's energy to its rest mass m 0 and momentum p is 
/ 	22 
E = c (m0c)  +p 
where c = velocity of light in vacuum a 2.99792458 x 108 	•I 
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For a photon, E = hv and m 0 = 0, giving a momentum 
p = hv/c. This momentum should be detectable if a beam of 
light falls on a stream of electrons; the photons should 
scatter due to the momentum transfer during the 
photon-electron collision (assumed to be elastic). 
In 1922, Compton performed this experiment using 
X-Rays and observed only one value of wavelength shift for 
a given scattering angle, given by 
A0 (1—coso) 
where A1  = incident and scattered wavelengths 
o = angle between incident and scattered photons 
Compton wavelength a h/mc 
This too implies that the momentum transfer occurs 
in a single blow during the collision. 
In 1924, de Broglie(l) examined the wave-particle 
duality phenomenon by expressing an associated wave for a 
moving particle, in terms of its wavelength and momentum 
in the equation 
p 
Equating the electron's kinetic and potential energy 
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In 1915, Debye( 2 ) found that the diffraction of 
X-rays by randomly-orientated molecules gave 
characteristic interference effects which did not cancel 
out in the scattered intensity distribution. He found this 
distribution to be a function of the scattering angle, 
which depends upon the distance between the electrons, 
i.e. the molecular geometry. 
In 1925, Davisson and Germer( 3 ) demonstrated the 
diffraction of slow electrons from crystals of nickel in 
quantitative agreement with the wavelength calculated from 
the de Brogue relationship, giving a pattern very similar 
to that obtained using X-rays. 
In comparison to X-rays, which are scattered by the 
electrons surrounding the sample atoms, electrons are 
scattered by the electric field of the positively-charged 
nuclei. There is therefore a much stronger interaction 
between the electron beam and the sample, giving rise to 
higher scattering intensities. The exposure times required 
are consequently a factor of 10 or 10 4 less than those 
for X-rays. 
The gas-phase electron diffraction experiment was 
developed in Germany by Nark and Wierl( 4 ) in 1930, 
producing structural data for a series of simple 
molecules. 
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1.2. Scattering by a rigid molecule 
In order to describe how a wave nature governs the 
propagation of particles, Heisenberg and Schrödinger 
independently proposed the theory of quantum mechanics in 
1926, expressed in terms of waves and matrices. 
Schrödinger's approach was conceptually simpler, and is 
the one adopted here. 
The Schrodinger wave equation forms the basic law of 
quantum mechanics, and relates a wave nature to particles. 
Its solution is in the form of a wave elgenfunction for 
which the square of the amplitude, , expresses the 
probability of a particle being located at a specific 
point. The Schrödinger equation is given by 
1 
A  




h = Dirac's constant h/27r 
22
a 
 2 V = Laplacian 	lx 
V Potential energy 
E = Total energy 
In the case of electron scattering by molecules, the 
incident electrons can be described by a planar wave 
$ig travelling in the z-direction 
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(PO =Ae 
ik0z 
where k0 = wave vector a 2t/A 
A amplitude 




For a beam of particulate electrons, the charge 
density is given by 
p = —etpo tpo  = -e(Al 2 
where e = Coulomb charge = 1.60219 x 10 -19  C 
= Complex conjugate of 4 	Ae 
-ik 0 z 
The wave model gives the Schrödinger current of the 
electron beam as 
'0 2im 
(v0-0vq) 
which gives the incident beam intensity 
hk0lAI 2 
'0 = 	M 
When the electron beam hits a molecule, the electric 
potential W is non-zero due to the electric field 
gradient, which is large at the edge of the nucleus and 
small elsewhere. Therefore incident electrons near the 
nuclei are deflected by a large angle due to the strong 
nuclear field, whereas small-angle scattering occurs due 
to the weak field caused by the atomic electrons. 
The scattered wave therefore differs from the 
incident wave. In spherical coordinates, the scattered 
wave has the form 
ik 0 R 
4f=: Aj-f(0)e 
where R distance to scattering centre from observation point 
0 - scattering angle 
f(0) = atomic scattering amplitude 
Here, the azimuthal angle is ignored due to its invariance 
with respect to the scattering symmetry. 
Hence the scattered Schrödinger current is 
hk0 1Al2 lf(o)f2 
=10_
If(e)12 
m 	 K2 
with 11(0)1 defined as the scattering cross-section. This 
is the quantity determined by the electron diffraction 
experiment. 
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Scattering amplitudes used to be calculated by 
considering the potential of the molecule as comprising of 
both nuclear and electronic terms. This made use of the 
first Born approximation( 5 ), namely that for incident 
electrons of high enough kinetic energy, the electron 
scattering is so weak that it is the incident wave that 
encounters all parts of the molecule, i.e. 
14'I C 14). 1 
This led to the expression 




where a0 = Bohr radius = 	
2 	0.529R 
Z1 = atomic number of i atom 
F, = X-ray scattering factor of i atom 
1 	 0 	4ir.O 
S = = k0-k = 2k0sin1 = 
The variable s represents the change in k around angle e 
subtended by the scattered wave, which is independent of 
the apparatus, thus allowing comparison of data from 
different sources. 
However, 	this 	approach is inadequate when 
considering nuclei of high atomic number( 6 ). The method 
has since been superseded by the method of partial waves, 
from which more accurate amplitudes may be obtained. The 
partial waves are defined in the Faksen-Holzmark 
equation( 7 ) as 
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Re) = Ti k0 (2I+1)(e'-1)P,(cosO) 
1-0 
where P,(cosO) = Legendre po1ynomia1s 8 
8, = phases 
Numerical solutions of the scattering amplitudes 
f(s) and phase shifts have been tabulated by Fink 
et al.( 9 ), thereby expressing the electron intensity 
scattered from a given atom. 
The first Born approximation holds for low electron 
penetration. The phases 6 are related to the extent with 
which the electrons penetrate the atom. These are, in 
turn, small when the potential energy is small relative to 
the energy of the electrons. Hence the phases are smaller 
for high-energy electrons and molecules containing atoms 
of low atomic number. 
The amplitude of the wave scattered by the ith atom 






2 A R 
f1(0)e 	') 
In the independent-atom model, the N-atom molecular 
scattering can be considered as the sum of the amplitudes 
of the waves scattered from the N atoms. This 
approximation assumes that each atom scatters as if it 
were isolated, giving 
N 	 ik0R N 
tp. (R') I 
 (-i. 	2me e 	 (e) 
A R 
i-I 
Substituting this expression for the scattered 
amplitudes into the equation of the current density, the 







(s )f1 (ss 
Ii4R2 a-t J-L 	
)e 
0' 6.where 	r.-r.-r. 1J 	 J 
noting that the intensity I, and therefore the scattering 
amplitudes fj, are both functions of either variable e or 
1.3. Scattering by a randomly orientated molecule 
In reality, the gaseous sample is not composed of 
fixed, rigid molecules but randomly orientated ones. All 
orientations in the gas therefore occur with equal 
probability. The probability of a molecule orientated 
between angles a and a+da is given by 
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Pda = --sinada 
This gives the scattered electron intensity of a randomly 
orientated sample as 
if 
I(s) = 	4 2 	 e 	.--sincxdct 
4 m2e4 
N 	N 
41' isrjJcoaa hR i-I i-I 	 0 







Therefore the molecular intensity is in the form of 
a sum of sinusoids, each of whose period and damping are 
determined by the unique internuclear separations and the 
vibrational amplitudes respectively. It is these terms 
that cause the strong interference effects in the electron 
scattering. 
This expression can be separated into the atomic and 







where I(s) =1 Ifi(s)I1 
'-I 
N 	N 
and. I,(s) 	 f(s)f(s) sin(sr) '1 57. 	sr, 
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It is the molecular scattering term, Im(s), which depends 
upon the geometry of the molecule. 
The complex part of the scattering amplitudes, 
fa(), may be used to give the phase factor terms 13(S) 
4m







where g1j (s) = I MS)i I f1(s) 
1.4. The Radial Distribution Curve 
The molecular scattering function gives an intensity 
plot of s/A'. By applying a sine Fourier transform 
however, one obtains a more meaningful intensity plot of 
nA in the form of a radial distribution function ( RDF). 
This idea was originally proposed by Pauling and 
Brockway( 10 ) in 1935. 	 - 
The radial 	distribution function represents a 
spectrum of 	intramolecular distances, consisting of 
Gaussian peaks centred upon the internuclear separation 
distance and whose widths are dependent upon the mean 
square amplitude of vibration of the atom pairs ( 11 ) 
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In order to carry out the Fourier transformation, 
the nj terms in the expression for Im(S) need to be in 
integral form, so a probability distribution function 
P(r)/r is used: 
14 	N 	
N 
4m e  
= -
h 





R 	itij j-1 
The Fourier transform may then be taken, yielding 
the radial distribution function 
D(r) = f s1(s)sin(sr)ds 
Jo 
In reality, however, intensity data are not 
available up to s = , but extend to a limit smax , the 
largest scattering angle experimentally available. Because 
of this, the radial distribution function is modified by 
introducing a damping factor, exp(-as 2 ), to counteract 






The exponential factor damps out the truncation error wave 
on the intensity curve; the constant a is chosen to make 
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the integral from the limits 	ax to 	negligible. 
Experimental data are also not available from s = 0, 
but from a lower limit Theoretical data, suitably 
weighted, are therefore added over the range 0 < s < sj 
1.5. Molecular Vibrations 
Real molecules, however, vibrate, with a period 
which is several orders of magnitude greater than the time 
of interaction with the electron. This strongly influences 
the electron scattering intensity distribution. Even in 
the ground vibrational state, deviations of several 
hundredths of an Angstrom can occur. The expectation value 
of the interatomic separations, rather than the 
instantaneous values, must. be used instead. The broadening 
effect of intermolecular vibrations upon peaks on the 
radial distribution curve was first investigated by 
James( 13 ) in 1932. 
If molecular vibrations are considered, the 
Schrödinger equation 
(- -!~-V 2 +V) = E4i 
for an atom pair becomes, in the harmonic approximation, 





I 	2)(X)=E(X) --V  2p. 	2 
where x = r—r.  
r = instantaneous internuclear distance during vibration 
r, = equilibrium distance between atoms i and j 
mm 
p. = reduced mass = m4+m 
k = force constant = ji(2iccco. 
)2 
- vibrational wavenumber 
The equilibrium distance re represents the position of the 
minimum of the potential energy function. 
The probability distribution function of a 
vibrational state V is given by the square of the 
harmonic oscillator wavefunction 4,, , i.e. 
P, (r) = 
with the wavefunction defined as 
1 
H, We 
where H, = Hermite polynomials 14 ' 
v = vibrational frequency 
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In the 	ground vibrational state (v = 0), the 









Ua 2 represents the zero-point mean square vibrational 
amplitude of the harmonic oscillator. 
However, electron diffraction studies are generally 
concerned with thermally-averaged parameters, i.e. at 
thermal equilibrium, rather than those in specific 
vibrational states. This implies that each fixed average 
distance r 3 must be replaced by a distance distribution 
function P jj T(r) (the probability for a given atomic pair 
ij that its distance is between r and r*dr) about the 
equilibrium distance re. 
At a given thermal equilibrium temperature T, the 
probability distribution function has an associated 
Boltzmann factor when all the excited vibrational states 




P(x) =  
57,  e 
where x 
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The variable 	x corresponds to the instantaneous 
displacement from equilibrium. 
For 	harmonic, small-amplitude 	vibrations, this 








Here 	U1j is the half-width at half-maximum of the 
Gaussian, and uj 2 represents the mean square vibrational 
amplitude of the harmonic oscillator, averaged over all 
populated vibrational states, at a given temperature T 
coth_liv 
4iqv 	UT 
where k = Boltzmann constant = 1.38066240 -23  .1 K
-1 
Hence the molecular intensity for a vibrating 
molecule is given by 
f 2 
	
24 	N 	N 	
I 






1 	 ii  





By truncating the binomial expansion of (re+x) -1 
after the second term, the above temperature-averaged 
probability density distribution approximates to 
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24 	N 	N 	 112 -3. .3 







where 	ra 	is 	the 	average 	internuclear distance, 
corresponding to the centre of gravity of P(r)/r, given 
by 
U 
r 3 ra \r /. = r 
1.6. Anharmonic Corrections 
The above expressions refer to a vibrating molecule 
in the harmonic approximation. However molecular potential 
wells are usually too shallow to ignore anharmonic 
contributions. In considering anharmonicity, the 
probability distribution function is distorted from the 
Gaussian form by the inclusion of anharmonic terms from 
first-order perturbation theory as a corrective power 
expansion(lS). Where the effects of anharmonicity are 
small, i.e. the deviation of rij from re is not too large, 
this corresponds to the ground state of a Morse 
oscillator( 16 ), given by the function 
2 
V(r1 ) = D11— e iJ C)] 
where D. - bond dissociation energy 
a = Morse anharmonicity constant 
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The probability distribution becomes 
2 	 2 3 	- I ___ 	 __ 
2a 2 
PT(x) ___ 




where A = normalising factor = 1 
x r—r. 
c = T—dependent anharmonic vibration coefficients 
Hence the molecular intensity for an anharmonically 
vibrating molecule at thermal equilibrium is given by 
replacing re byra in the denominator 
	
2 4 	N 	N 	 I 2 2 sin[s(ri_xsi)] 
4me 2 ___________ --U. .9 
SUS) 	4 2 	1 r h R 
where x = asymmetry constant a au./6 
The cubic anharmonicity constant a represents a 
stretching anharmonicity, and is roughly equal to 2A 1 for 
bonded atom pairs. However for nonbonded atom pairs within 
the molecule, their greater vibrational amplitudes cause 
their contributions to Im(s) to be damped out at much 
lower s-values. The potential is approximately harmonic 
and hence for these, a is set equal to zero. 
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The parameters r & and tiji are obtained from the 
electron diffraction experiment, and define each 
interatomic distance. The asymmetry parameter k is in 
principle also available from the observed asymmetry of 
the radial distribution peaks, but in practice only 
qualitatively so. 
It should be remembered that a number of 
approximations have still been retained in this final 
expression for the molecular intensity; namely, 
The atoms' electron density distribution remains 
spherically-symmetric throughout the vibration 
(independent-atom model). 
Chemical bonding effects (noticeable in the small 
s-value region of Im(S)), are ignored. 
Intramolecular multiple-electron scattering is 
ignored. 
Atomic polarisation by the scattering electrons 
is ignored. 
Electron exchange is ignored. 
Relativistic effects are ignored. 
- 20 - 
CHAPTER 2 




The Gas-phase Electron Diffraction experiment is 
based on the phenomenon that a beam of fast electrons is 
scattered by the potential arising from the molecules' 
charge distribution. An interference pattern is produced, 
whose distribution is a function of the scattering angle. 
This is dependent upon the molecular geometry, thus giving 
information about relative nuclear positions and 
intramolecular motion. 
Although numerous modifications and improvements 
have been made in the construction of electron diffraction 
apparatuses and data analysis, the experiment remains 
essentially unchanged from that of Mark and Wierl( 4 ). The 
task of the experiment is to determine the scattering 
intensity I(s) over a wide angular range. I(s) is a 
continuous function of s, whose values are tabulated. The 




Ttan .  Ro 
where p = distance from diffraction centre 
= nozzle-plate distance 
The data for the compounds studied were collected 
using the Edinburgh University electron diffraction 
apparatus ( 1 7) This was originally designed by Bauer and 
- 22 - 
Kimura( 18 ) and constructed at Cornell University by Robert 
Jenkins. Its fundamental design is the same as most other 
diffraction 	equipment, 	shown 	schematically 	in 
Fig. 2.1( 1 ). 
	
The instrument 	incorporates a vacuum chamber 
constructed of non-magnetic stainless steel, aluminium and 
brass( 20 . The higher the pressure in the diffraction 
unit, the more the extraneous electron scattering. 
Additionally, at pressures above 10 	Torr, a discharge 
at high potential from cathode to anode is induced. Hence 
the 	diffraction chamber is evacuated to a residual 
pressure down to 10 Torr by means of three oil 
diffusion pumps and a rotary pump, in order to obtain a 
monochromatic beam of electrons, whose velocity 
distribution is as narrow as possible. A major source of 
extraneous scattering is due to reflected electrons, 
thereby producing secondary emissions of X-rays, whose 
intensity is proportional to the atomic number of the 
reflecting material. Hence the inner components of the 
diffraction chamber are made from aluminium. An ion gauge 
monitors the pressure increase in the diffraction chamber 
during the experiment. 
The electrons are produced from a hot cathode. This 
consists of a V-shaped tungsten filament through which a 
small current of <50 iA is passed, thermionically emitting 
electrons. They are then accelerated for 10 mm under an 














cold trap 	I 
diffraction 
chamber 
10 5 -1o 6 Torr 
fluorescent screen 
beam stop-
rotating sector 	- 
photographic plate 
Fig. 2.1. Schematic arrangement of the gas electron 
diffraction experiment. 
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anodic potential of 44.5 kV. At these high electron speeds 
the scattering is predominantly elastic; the nuclei are 
considered to be in instantaneous positions and multiple 
scattering can be ignored. The electrons are focused by 
two electromagnetic lenses into a monochromatic parallel 
beam. Immediately after each lens, the beam passes through 
several platinum collimating apertures. To be of high 
intensity, the beam is of minimal cross-sectional area 
(0.3 mm in diameter) and maximal beam current. 
We already have an expression for the electron 
wavelength in relation to its rest mass, charge and 
accelerating voltage 
h 
However the high potential requires relativistic 
corrections to the calculated wavelength for the total 
energy E 
E 	 = mc1+eV 




eV \ Vv6+9.834x1ov) 
\/2m,eV(1-+
2mc" ) 
where m = rest mass of electron = 9.109534 x  1O ° kg 
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This gives an electron wavelength of 0.0568 A. 
Neglecting the relativistic term 1 + eV/2mec 2 results in 
an error in wavelength of 0.02 %. The beam is then 
scattered by the sample vapour onto a fluorescent screen, 
for visual inspection of the diffraction pattern, which is 
situated near the photographic plate upon which the 
scattering intensities are recorded. 
The image of the electron beam on the screen is 
viewed through a lead glass observation window via a 
mirror at 45° to the beam through a telescope, positioned 
downstream from the sector. This is for the purposes of 
focusing and centering the electron beam prior to the 
experiment. A shadow image of the nozzle can also be 
viewed on the fluorescent screen if the beam is defocused 
to a diameter larger than the diameter of the nozzle tip. 
The nozzle can then be positioned with respect to the 
beam. 
Depending upon the scattering power of the sample, 
around 300 mg is required for a structural determination. 
An ampoule containing the sample is attached to the inlet 
system leading to the nozzle. When the ampoule is opened, 
the sample evaporates and passes out through the nozzle 
into the vacuum chamber. Depending upon its volatility, it 
is either allowed to warm up to room temperature or kept 
cool in an ice/slush bath. Here the nozzle system merely 
regulates the flow, of the sample. However, for higher 
- 26 - 
boiling point compounds, the inlet system must incorporate 
a heating device to evaporate or sublime the sample and 
warm the nozzle. A sample vapour pressure of a few Torr is 
required for the experiment. The cone-shaped aluminium 
nozzle, whose tip diameter is 0.3 mm, is situated 
perpendicular to the incident electron beam, and the 
vapour directed at a trap cooled by liquid nitrogen to 
77 K in order to prevent the sample from accumulating in 
the chamber. 
The scattering intensity decreases as 	4; the 
limited dynamic range, however, over which the 
photographic emulsion is sensitive to incident radiation, 
is linear. It is therefore necessary to apply 
counter-attenuation to the intensity pattern before 
recording it. Such rapid damping from plate centre to edge 
is compensated for by the inclusion of a rotating metal 
sector placed in front of the plate, in the path of the 
scattered electrons. First developed by Debye( 21 ) in 1937, 
this serves to increase the relative exposure time of the 
plate at increasing scattering angle. The disc has a 
standard shape, which opens out in the form of a cubic 
function of s, and which spins at "500 rpm. The 2-leaf, 
heart-shaped sector used on the Edinburgh apparatus is 
given by the function 
- 27 - 
3 	"p P (cp) = Po 
Ir 
where Po = maximum sector radius 
p = angle of sector opening 
Mounted at the centre of the sector is the beam 
stop. This is an aluminium cylinder whose diameter of 
6 mm is considerably larger then the diameter of the 
electron beam. It is designed as a trap to prevent 
back-reflection of the primary undiffracted beam. A 
centrifugal shutter closes the beam stop aperture when 
the sector is spinning. 
The camera contains up to ten KodakTM Electron Image 
photographic plates which are dropped into place under 
gravity. This system enables the collection of sufficient 
data for a complete structural determination in a single 
run. 
In order to cover a greater range of scattering 
angles, exposures are taken at two different nozzle-plate 
distances, 258 mm and 96 mm. The shorter the camera 
distance, the wider the angles that can be studied, and 
vice-versa; the data sets can thus be compared in an 
overlapping region. This is shown schematically in 
Fig. 2.2 ( 22). The upper limit of the angular variable S IS 
determined by the size of the photographic plate at the 
short camera distance, whereas the lower limit depends 




Fig. 2.2. Schematic illustration of the application of two 
nozzle-plate camera distances. 
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upon the size of the beam-stop at the long distance. The 
small-angle region is especially important for 
contributions from large-amplitude motion, which rapidly 
fall off with increasing scattering angle. Up to three 
sample plates are taken for each camera distance. The 
exposure times are based on the atomic scattering factors 
f(s) of the sample, the electron beam strength and the 
pressure increase in the diffraction chamber. 
For each camera distance taken of the sample, two 
calibration plates of benzene are initially taken. Benzene 
generates a well-resolved radial distribution pattern and 
its structure is known very accurately( 23 ). These plates 
determine 	the electron wavelength (1. e. accelerating 
voltage) or 	the nozzle-plate distance. With such a 
parallel experiment, systematic errors in the detection of 
the angular variable s (scale errors O) are removed. 
2.2. Data Retrieval 
The pattern formed by the scattering of electrons by 
a gas is that of concentric circular rings, consisting of 
alternating minima (light) and maxima (shade), 
corresponding 	to 	constructive 	and 	destructive 
interference. Up to the 1950's, scattering data were 
obtained 	by visually estimating the 	diffraction 
intensities 	at many points across the photographic 
- 30 - 
plate(2 4 ). This led to an inherent inaccuracy of 0.02 A 
and 2 0 . However this method has been superseded by the use 
of the microdensitometer - a digital microphotometer which 
determines the optical densities and reduces them to 
digital form( 12 25 26) . During tracing, the plates are 
scanned whilst they are spun to reduce grain noise, and 
the data averaged. The introduction of the 
sector-microphotometer technique increased both the 
precision and accuracy of the results, and the range of 
compounds able to be studied. 
The instrument used for the analysis of the plates 
is a Joyce-LoeblTM microdensitometer(2 7 ) situated at the 
S.E.R.C. laboratory at Daresbury. 
The transmittances are converted to the optical 
density function D by 
D log a0 — 
where a0 = difference between black and fog lines 
a = difference between dark and transmittance lines 
The optical densities are measured to an accuracy of 
0.0001 D. The dynamic range of the photographic emulsion 
may be a nonlinear function of the plates' optical 
density, and a density calibration is performed by 
comparing the molecular scattering data over a range of 
exposures. 
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The data are produced in the form of a digital file 
of optical density D versus the angular variable s. They 
are transferred to computer on which the subsequent 
analysis is performed, using the program "ED92"( 28 . 29 ). 
The scattering intensities are then obtained from 
the optical densities from 
I - D+cD t 
where c 0.1 
Optical densities are typically between 0.2 and O.S. For 
< 1.0, I ' D. Corrections are also made for the flatness 
of the plates' 30 ). 
However, after this data reduction process, the 
total experimental scattering intensity derived from the 
microphotometer readings, Itexp(S), needs to be further 
processed in order to give the molecular scattering 
intensity IexP(s). The coherent atomic scattering 
I a e(P(5) and incoherent extraneous background scattering 
Ibexp(g) need to be subtracted out: together these form 
the non-structural part of the intensity distribution. The 
incoherent background scattering arises from inelastically 
scattered electrons, scattering from stray molecules in 
the vacuum chamber, reflections from the chamber walls and 
X-rays from electrons striking parts of the apparatus. 
Experimental factors such as the rotating sector profile 
must also be taken into account. Hence the required 
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I (s) = 	COS 011. (S)+l a  'zP (S)+I b O'P (S) 
It 
The atomic scattering I a exP(s), which constitutes 
the bulk of the total Itexp(S), yields a smooth function 
falling off rapidly and asymptotically with scattering 
angle 0. The theoretical atomic scattering I a theor(5) is 
calculated using the scattering factors of Schafer 
et al.( 9 ), and subtracted to leave the molecular and 
background components. 
Unlike the atomic scattering, which is theoretically 
obtained, the background scattering Ibexp(S) is usually 
determined empirically by a smooth high-order polynomial 
fit. A cubic spline function algorithm is used, which may 
be subtracted repeatedly during the course of the 
refinement. Because this function varies only slowly with 
the angular variable, s, it does not affect the structural 
component of the data, defining distances smaller than 
interatomic separations. 
This process results in a set of data representing 
the molecular scattering curve and the elastic scattering 
of the incident electrons by the molecule alone for each 
camera distance. The ends of the molecular scattering 
curves contain less reliable data than those nearer the 
centre. Hence the extreme values for which s > Sm a x and 
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S < Smjn are discarded and the remaining data set modified 
by a statistical weighting function, giving these points 
less significance than those in the central region. This 
is defined by the two points SW1 and SW?, such that in the 
region 5min I s I SW, and 5W2 I 5 I 5max the weight 
function drops linearly from unity to zero. Each data set 
is then multiplied by a refinable scale factor. 
Although it is the experimental and theoretical 
molecular scattering curves, I(s), themselves which are 
compared during the refinement, the data are more easily 
interpreted in the form of the radial distribution curve 
P(r). Obtained via a sine Fourier transformation of I(s), 
this shows scattering intensity P(r)/r versus distance r. 
This process requires data over the range 0 I s I 
Theoretical data, suitably weighted to experimental, are 
introduced over the ranges 0 I s I sw1 and sw2 I $ I 36 
An exponential damping factor is included to compensate 
for the deficiency in data above s = 36 A - '. 
2.3. Data Refinement 
A 	flow diagram representing the 	electron 
diffraction 	refinement 	is 	shown 	in Fig. 2.3. The 
theoretical molecular scattering, I m theor($), is 
calculated from a theoretical model of the molecular 
structure by the electron diffraction program, 
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"ED92"( 2829 ) . A set of independent molecular parameters 
is defined in a separate subroutine to the main program, 
"COORD", and any non-ED data such as rotation constants 
and direct couplings are defined in the subroutine 
"EXTRA". These subroutines are specific to the molecule 
under study, and are included in the form of a file, 
"NODEL.F", with which the main program is compiled. 
Additionally, both geometrical information and a set of 
amplitudes and anharmonicities associated with each 
interatomic distance are initially read in the form of an 
input file, "RUN". Available non-ED data are also 
included in this file. 
The 	general approach for interpreting the 
diffraction data is by the iterative method of 
least-squares refinement, achieved using a modified 
version of an established program( 31 ). The quadratic 
function below is minimised over the N molecular intensity 
data points 
N 
QM = jo)j[le'P(sj)—k 
Mlth ... (Si)] 2 
where co, statistical weighting factor 
k M  = scale factor 
The weighting factor w1 assigned to each data point 
is proportional to the square of its uncertainty ( e.s.d.). 
This is achieved by partially differentiating the function 
QM with respect to N generalized parameters ek, of which 
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the theoretical molecular scattering intensity Itheor(s)is 
a function. The solution is then found by solving this set 






I 	(s1 ) 
aek - -
2k M w[l''(s I )-k M 1 	(s1 ) 	 = 0
aek I 
Such 	parameters 	8k 	include 	raij, ljj, 	km, 
internuclear angles and any other geometrical constraints. 
However, 	this 	equation 	cannot 	be solved 
analytically, owing to the nonlinearity of the expressions 
for Itheor(s)and dltheor(s)/dek. To a good approximation 
it can be expanded in powers of 60k and truncated after 
the second term, giving 
M 
tbc.r 
(s) = 1.(s)+ 
'V I M(s) 
to k-i 
where Mk parameter increments 
Here, 1 0 (s)is calculated using a starting approximation to 
ek, namely e0k. 
Substituting this into the expression for the normal 
equations gives the set of linear equations 
N 
I eip 	 M 





i-i 	IL 	 k-i 	08 ] 	0O 
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whose solution yields the sought parameter values. 
In practice, it is not the function QM itself that 
is minimised, but the R-factor, related to QK by 
= V 1-1 QM 
The R-factor is a measure of goodness of fit (the 
relative error in I(s) over the total s-range), and 
depends on the convergence of the theoretical to the 
experimental model. It is typically of the order of 
0.05 - 0.15. This least-squares procedure is used to 
adjust the parameters in such a way so as to reduce the 
R-factor. 
Because of the approximations made in the nonlinear 
expression relating Itheor(s) to the parameters ek, the 
refinement will not converge if the parameters are very 
different from their true values and too many parameters 
are refined at the same time. Because of this, it is 
usually best to start by refining only a few parameters, 
including more as the fit improves. 
Additionally the choice itself of such parameters 
plays a crucial role in the refinement process. There are 
½N(N - 1) interatomic distances in an N-atom molecule, 
with a maximum of 3N - 6 parameters needed to describe its 
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geometry. This number decreases with molecules of higher 
symmetry. Hence the total number of independent parameters 
is equal to the number of totally symmetric vibrational 
modes. 
Each interatomic distance gives rise to a Gaussian 
peak in the radial distribution curve and contributes to 
the overall scattering by the factor 
122 




where n - number of equivalent distances 
In principle, therefore, the electron diffraction 
experiment provides an average interatomic distance and 
mean square amplitude of vibration for all atom pairs ion 
the molecule. However, in practice, the distance 
resolution is limited by the molecules' thermal motion. 
Hence as a result of the one-dimensional nature of the 
data acquired, it is clear that nj j similar interatomic 
distances overlap and lie under the same Gaussian peak in 
the radial distribution curve. They are thus independently 
unresolvable. The limiting distance difference below which 
peak overlap is unresolved is O.l A. As the molecular 
complexity increases, so does the complexity of the radial 
distribution curve, hence increasing the ambiguity of the 
assignment of each internuclear distance. 
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In the case of two such highly correlated distances, 
rather than choose the two separate distances ri and r2, 
it is preferable to choose parameters corresponding to the 
average and the difference of the distances, i.e. 
(r1 + r2) and ri - r2 respectively. With the difference 
constrained to a fixed value, now at least the average of 
the two distances may be refined. 
The scattering intensity is also proportional to the 
masses of the atomic scatterers. Hence low atomic mass 






those of similar 
marked in the case of hydrogen atoms, 
in the presence of heavier atoms, the 
the hydrogens is vanishingly small. It is 
necessary to fix hydrogen parameters at 
s, determined by other techniques or from 
compounds. 
If there 	are strong correlations between the 
parameters, the refinement process will be rendered 
underdetermined and produce multiple solutions. In this 
case, more than one theoretical model can reproduce the 
experimental intensity data. Distinguishing between these 
local minima requires fixing some parameters at certain 
values, whether from symmetry, prior chemical intuition or 
data from other structural techniques such as microwave 
spectroscopy, liquid crystal NNR, molecular mechanics or 
ab initio calculations. 
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The scatter ing contribution is also considerably 
reduced when the mean square amplitude of vibration ujj 2 
of the atom pair is high. Being a temperature dependent, 
thermally averaged property, the peak width at half-height 
is increased; this broadening lowers the resolution of the 
signal. 
The amplitudes of vibration themselves are also 
refined as parameters. However, usually some cannot 
usually be refined independently. Instead they are either 
held constant or constrained to be in a fixed ratio with 
another amplitude refining, often resulting in a group of 
amplitudes being refined together. Hence, although not all 
the amplitudes are independently ref inable, at least the 
effect of all of them can be taken into account while 
fitting the data, rather than just one. 
This work is concerned with a variety of molecules 
particularly suited to the technique of gas-phase electron 
diffraction; they are small with relatively few 
interatomic distances yielding a relatively simple radial 
distribution curve, planar with a symmetry of C 9 or higher 
which reduces the number of geometrical parameters 
required, contain no heavy atoms which would swamp out the 
signals from the lighter ones, are ring systems which are 
relatively rigid and have low amplitudes of vibration, and 
are thermally stable for survival of the experimental 
conditions. 
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The 	electron 	diffraction 	experiment 	can, in 
principle, yield interatomic distances with ESD's of a few 
thousandths of an Angstrom. The least-squares refinement 
process gives a measure of the random errors in the form 
of standard deviations (a). The ESD is approximately 
inversely proportional to the square root of the number of 
observations, weighted for correlation between adjacent 
data points. Together with these, systematic experimental 
errors are manifested in extraneous scattering, 
uncertainties in electron wavelength and apparatus 
dimensions, plate/optical density nonlinearity, plate/beam 
nonperpendicularity and rotating sector uncertainties. 
Systematic uncertainties in calculation arise primarily 
from the quality of the data, structural assumptions, 
correlation between parameters and errors in the atomic 
electron scattering functions f(0). In order to allow for 
systematic errors, ESD's quoted here are increased by '10% 
for bonded distances and 50% for both bond angles and 
amplitudes of vibration: nonbonded amplitudes are less 
accurate than bonded. 
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CHAPTER 3 
LIQUID CRYSTAL 
NUCLEAR MAGNETIC RESONANCE 
SPECTROSOPY 
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3.1. Liquid Crystals 
In a 	liquid 	there 	is 	both positional and 
orientational disorder amongst the molecules, whereas 
solids exhibit order in both. However, there exist two 
possible phases between those of the solid and liquid. 
One such "mesophase" is the plastic crystal, in 
which although the molecules are arranged in a lattice, 
they are randomly orientated. 
The other is the liquid crystal, in which the 
molecules are aligned with respect to one another, but are 
positioned randomly. They are free to move, so the phase 
is fluid. The unit vector along which they are aligned is 
called the "director", and although there are considerable 
deviations from this angle due to thermal motion (compared 
to the solid), this orient ational order persists locally. 
Such liquid crystals possess a large anisotropy in 
molecular shape. They are typically polymers or long 
organic molecules which are relatively rigid, but possess 
floppy ends. About 0.5% of all organic molecules possess a 
liquid crystalline phase. There are several different 
types of liquid crystal mesophase. The first molecule 
shown to exhibit liquid crystalline properties was 
cholesteryl benzoate, discovered in 1888 by Reinitzer( 32 ), 
who observed it to be a viscous but turbid fluid. 
The simplest mesophase is the Thematic" form as just 
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described, in which the molecules are aligned with their 
long axes statistically parallel to one another, under the 
influence of intermolecular dispersion forces( 3334 ) . The 
directors are constant throughout local portions of the 
sample, however over the bulk the local directors are 
randomly orientated, and it is therefore isotropic. This 
phase is illustrated in Fig. 3.1(a). 
Molecules with intermolecular forces which favour 
alignment between molecules at a slight angle form a 
liquid crystal with a director which rotates throughout 
the sample in a helical shape. Its "pitch" is the distance 
through which the director rotates by 360 0 , with the whole 
structure repeating itself over a distance of one half of 
the pitch. The formal name of the liquid crystal is 
"chiral nematic", but is usually known as a "cholesteric" 
liquid crystal, as this is the mesophase commonly 
exhibited by cholesterol derivatives. 
Another type of liquid crystal is the "smectic" 
mesophase, similar to nematic but more ordered. In the 
smectic-A mesophase, shown in Fig. 3.1(b), there exists a 
small amount of positional order; the molecules tend to 
arrange themselves in layers, with the directors 
perpendicular to the planes. Subcategory smectic-C is 
shown in Fig. 3.1(d), and consists of molecules whose 
directors are angled other than 90 0 with respect to the 
planes. However in both smectic-A and smectic-C there is 
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Nematic 
Smectic-A 
Fig.3.1. Schematic representation of packing in various 
liquid crystal types. 
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c) Smectic-B 
d) Smectic-C 
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no positional order within each plane, hence they are 
considered to possess one-dimensional order. Smectic-B is 
an example which exhibits three-dimensional order, 
illustrated in Fig. 3.1(c). 
There 	is another type of liquid crystal which 
consists of flat, rigid disk-like molecules. These tend to 
align about a director perpendicular to their planar axes, 
and are called "discotic" liquid crystals. The nematic 
discotic variety has no positional order, but some other 
types consist of molecules which are stacked in randomly 
positioned columns, giving rise to a two-dimensional 
order. This is termed columnar or smectic discotic. 
Similarly chiral nematic discotic liquid crystals, whose 
directors rotate helically throughout the sample, also 
exist. 
Just as the liquid crystal phase is turned into the 
solid phase by cooling, most liquid crystal molecules can 
be changed from liquid to liquid crystal to solid simply 
by cooling. There exists a temperature window, between the 
liquid/liquid crystal and liquid crystal/solid transition 
temperatures, in which liquid crystalline behaviour is 
exhibited. These are called "thermotropic" 
liquid crystals. A lower temperature corresponds to a more 
ordered phase; hence although a molecule exhibits either a 
nematic or cholesteric phase, the smectic phase can occur 
in addition to either of these; being a more ordered 
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phase, it exists at a lower temperature. 
Many 	liquid crystals are mixtures of different 
compounds. In some cases the liquid crystal phase can be 
determined by the relative concentrations of the 
components, and 	such 	a 	liquid crystal 	is 	called 
lyotropic", possessing a concentration window in which 
the liquid crystalline form appears. An example of such a 
concentration dependent liquid crystal mixture is an 
aqueous solution of molecules which are hydrophilic at one 
end and hydrophobic at the other. As a result, the 
molecules cluster in specific shapes such as micelles, 
spheres and cylinders (''lamellar" liquid crystals) 
depending upon the concentration. The clusters move 
randomly through the sample, however, thus exhibiting 
typical liquid crystal behaviour. Lyotropic 
liquid crystals are used as surfactants and have 
biological importance in the form of soaps (e.g. sodium 
laurate NaCOOC15H31) and phospholipids (e.g. 
Me3N(CH2 )2OPO2OCH2CH(CH7OCOC1 5H3 1)2) respectively. 
Molecules that form liquid crystal phases are mostly 
elongated and fairly rigid in the central portion. This 
can be achieved by joining two or more benzene rings 
together via a linkage group in a linear arrangement, onto 
each end of which are attached flexible hydrocarbon 
chains. Both the linkage group between the benzene groups 
and the attached chain are particularly important for 
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determining the type and range of the liquid crystal 
phase; generally, as the length of the attached chain 
increases, the temperature at which the liquid crystal 
phase is stable drops, and the smectic phase is more 
likely to be present. 
The first liquid crystals moderately stable at room 
temperature, produced in the 1960's, were Schiff's bases, 
?IBBA (l,1e0-C6H4-CH=N-C6H4-r1Bu) and EBBA 
(EtO-C 6 H4-CHN-C6H4--PhBu), possessing nematic 
liquid crystalline temperature windows of 21oC - 46°C and 
35°C - 79°C respectively. 
Liquid crystals containing a number of different 
linkage groups have been synthesised, e.g. -CH=N-- (FIBBA) 
and -N=N0- (FAA). However these decompose when exposed to 
moisture, high temperature or UV light; as the resultant 
impurities build up, the liquid crystal temperature window 
changes. Then in the 1970 1 6 the central linkage group was 
eliminated completely by connecting the benzene groups 
together directly, forming biphenyl and terphenyl 
compounds; this resulted in very stable liquid crystals. 
Nevertheless these compounds still have a high temperature 
window in which liquid crystalline behaviour is observed. 
It was found that lowering the liquid/liquid crystal 
transition to ambient temperatures was achieved by 
replacing one of the terminal hydrocarbon chains by a 
polarisable end group, e.g. -CN or -NO2. 
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3.2. Liquid Crystal Nuclear Nagnetic_Resonance (LCNNR) 
Liquid crystals were first used in conjunction with 
NMR 	spectroscopy 	in 1963(). The LCNMR experiment 
utilises the orientational anisotropy of the 
liquid crystal. In response to the external magnetic field 
B of the NMR spectrometer, the liquid crystal molecules 
experience a torque, which tends to align the direction of 
smallest diamagnetic susceptibility X (usually their 
longest axes) parallel to the applied field( 36,37 ). This 
results in extending the short-range order throughout the 
entire bulk of the material, producing a uniaxial solvent, 
thus inducing alignment of smaller dissolved solute 
molecules. Only a relatively small field (B < 0.1 T) is 
required to cause total alignment, due to the co-operative 
effect of the strong angular correlation of the directors. 
In the standard NNR experiment, there exist two 
types of coupling between nuclei of non-zero nuclear spin. -  
One is indirect coupling between nuclei i and j where the 
resonance lines are split by the spin-spin coupling 
constant J1 3 ; this is transmitted by the valence 
electrons. The other is direct dipole-dipole coupling, 
transmitted between the nuclear magnetic moments through 
space. This depends upon the geometry and orientation of 
the molecule but not upon the intramolecular bonding 
relationships, producing broad lines with a direct 
coupling constant Dj3. Normally in an isotropic liquid, 
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D 13 is rotationally averaged to zero on the NMR timescale 
due to the fast isotropic tumbling of the molecules. The 
resonance lines are therefore split by a total amount 
equal to the indirect coupling, i.e. Tiso = J. This 
can be useful qualitatively because the much smaller Jjj 
values and chemical shifts 6 are revealed. However, for 
the purpose of structural analysis, information about 
internuclear distances is lost. 
In contrast, if the solvent is an anisotropic fluid, 
such as a nematic liquid crystal, intramolecular direct 
couplings now no longer vanish, although intermolecular 
direct couplings still vanish due to molecular rotation 
and diffusion. This is due to the bulk diamagnetic 
anisotropy of the liquid crystal solvent. The proton NI4R 
spectrum consists of broad, unresolved humps arising from 
the liquid crystal solvent itself, upon which a series of 
relatively sharp lines due to the solute are superimposed. 
The featureless appearance of the liquid crystal component 
is explained by its many inequivalent hydrogens. In 
contrast, the solute molecules diffuse as freely as if in 
an isotropic environment, therefore their average 
intermolecular interactions are negligible. Where before 
the indirect splitting was Jjj, a component from the 
direct coupling is now also present, giving a total 
splitting of 
Iniloaiso 
Tij = iij +2D 1 
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In addition, an extra coupling between magnetically 
equivalent nuclei occurs, given by the splitting 
T.. = 3D, 1 . 
As a result there are far more splittings than for 
isotropic NNR, and because D- 3 1 s are several orders of 
magnitude greater than J's, the spectra are far more 
complex. This gives rise (in all but the simplest systems) 
to second-order s pectra which must be analysed with the 
aid of a computer. 
3.3. Theory of LCNMR 
The direct coupling Dj 3 between atoms i and j is 
derived from the nuclear spin hamiltonian( 3839 ), and is 
given by 
-vr, / 3cos 2O-1 
D1 = 27r c\ 2r1 
where y• = gyromagnetic ratio of i nucleus
(40) 
ejj = angle between B and interatomic vector r, 
r.Ii interatomic distance between atoms i,j 
The gyromagnetic ratio is defined as the ratio of the 
magnetic moment and the spin angular moment. The angular 
component of the above equation is averaged over all 
molecular motions of the pair of nuclei, and it is this 
term which is zero in the isotropic phase. 
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If r 13 is independent of eij (i.e. the molecule is 
not deformed by the liquid crystal solvent), and indeed 
constant (vibrational motions are ignored), then the 
angular and distance terms may be separated out, giving 
D. = 	S J 	 3 	ii 
where 
S, = 4<3cos z ojj_1> 
Sj is the orientation parameter of the axis passing 
through atoms i and j, and represents a statistical degree 
of order. It takes values in the range -0.5 S. S, S. +1.0: 
a value of -0.5 corresponds to a total alignment 
perpendicular to the magnetic field B, +1.0 a parallel 
alignment, and zero a random configuration. The S-values 
of different molecular axes are interdependent, and are 
defined in the orientation tensor S 1 , which measures the 
deviation from a spherical distribution of the molecular 
axes with respect to the solvent axes and magnetic field B 
=  I
I SXX S, 1 S11 -I 
S. s,, s 1 , 
s zz S, 1 s21 j 
S 	is a 3x3 traceless symmetric matrix of the nine 
cartesian co-ordinate elements, giving a maximum of five 
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independent parameters, namely S, S, S,,., S xz and S yz  
(S + Syy + S zz = 0). The elements of this matrix are 
then given by 
S = -<3cosocoso-8.> 
where a,3 x,y,z co-ordinates 
O - angle between the cartesian axis a and B 
= Kronecker delta a Ha=) or O(a*) 
The expression for the dipolar couplings can then be 






where e ij. = angle between the axis a and the vector 
The orientation parameters are very dependent upon 
the solvent, temperature of the sample and concentration 
of the solution; temperature and concentration gradients 
within the sample must therefore be avoided. 
The number of independent parameters may be reduced 
if the molecular symmetry is high: three 	S, S fl,) 
if a mirror plane is present (C2, C2h, Ce); two 
S-S) if there are two perpendicular mirror planes 
(C2, D2, D2h); one (S 2 ) if there is a 	3-fold axis 
(symmetric tops); and none (spherical tops). 
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For a molecule of point group C21, there are two 
unknown orientation parameters necessary to describe the 
molecular orientation. Hence the observation of three or 
more couplings yields structural information, in the form 
of geometrical parameters. For each measured Dij, there 
are always two unknowns (rij and S - i). As a consequence, 
only ratios of distances, not distances themselves, can be 
calculated. This determines the shape, but not the size, 
of the molecule. 
Although in principle any such direct couplings can 
be observed, in practice it is only couplings involving 
protons whose Djj couplings are easily separable from 
their J1j couplings. An important assumption is made here, 
namely that the indirect couplings J 17 remain the same 
when a molecule is in either isotropic or anisotropic 
environments, i.e. that Jjj is itself isotropic. A 
measured direct coupling Dij may contain a contribution 
arising from anisotropy in J: D. J eXP = D 1 + J 11 aniso. 
This "pseudo-dipolar coupling" is negligible for coupling 
between light atoms, whose spin-dipole coupling may be 
ignored. The relative signs of J11 and D1 are important, 
as it is not possible to determine their absolute values. 
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3.4. The LCNNRexeriment 
The liquid crystals best suited to solvating the 
sample for the NNR experiment are of the nematic variety; 
this is the least ordered liquid crystal phase, possessing 
no positional structure, which can easily accommodate and 
align the solute molecules. Being the most mobile, they 
are the least susceptible to temperature or concentration 
gradients within the sample, as viscous solvents produce 
broad lines. However, the chiral nematic variety is not a 
good solvent, as the alignment varies throughout the 
sample. 
In order to perform the LCNMR experiment, there are 
certain requirements that the liquid crystal must have. It 
must have a low enough viscosity to be able to dissolve 
(and not react with!) the sample under study. It should 
also have a liquid crystal temperature window within which 
the molecule is thermally stable, at least over the 
timescale of the NMR experiment, i.e. several hours. 
The 	liquid crystals 	found most 	suitable for 
dissolving the compounds under study in this work are the 
group of eutectic mixtures of cyano biphenyls and 
terphenyls, of generic formula R- CH4-C 6 H4-CN where R is 
a straight chain alkyl or alkoxy group, containing from 
one to twelve carbons. These liquid crystals, synthesised 
by BDHTM Chemicals Ltd., are codenumbered from El 
upwards( 42 ) . E7 is the favoured solvent due to its low 
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viscosity, and it is nematic at room temperature. It 
consists of the three biphenyls with R = npentyl, nheptyl 
and noctoxy: rICSH]1-(C6H4)2-CN, nC7Hi5-(CH4)2-CN, 
nC8H17O-(C6H4)2--CN and nC5H11-(C6H4)3-CN. 
With E7 as the solvent, sample preparation consists 
of dissolving a few hundred miYrnoles of the solute in 
the (heated) isotropic phase of the liquid crystal, which 
is then allowed to cool into the nematic phase. 
It should be noted, however, that the liquid crystal 
solvent, in dissolving the sample molecules and 
orientating them, necessarily interacts with them. For one 
thing, addition of the solute depresses its nematic 
temperature range. A more major point arises from 
experimental evidence showing that, via solute-solvent 
intermolecular interactions, different liquid crystals 
distort the structure of the solute molecules from that in 
the gas phase by different amounts( 4352 ). Great care 
should therefore be exercised when comparing or combining 
data from gas-phase techniques such as ED and I'IW with 
those from LCNIIR, as the latter does not, strictly 
speaking, deal with free, gas-phase molecules. 
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CHAPTER 4 
ROTATIONAL SPECTROSCOPY 
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4.1. Introduction 
From a quantum mechanical treatment, the magnitude 
of the angular momentum Pj of a molecule is given by 
p, = 
where J = rotational quantum number a 0,1,2,3,... 
Solution of the Schrodinger equation for a rigid 
rotor shows that the rotational energy E is quantised with 
values 
E = Bhi(J+1) 
with the rotational constant B defined as 
B = h/21 
and the moment of inertia I given by 
2 
I = 
where tL = reduced mass = m1m1 (diatomics) 
m12 = atomic masses 
r internuclear distance 
The rotational frequencies v obey the selection rule 
= I Hence they take values 
= 2B(J+1) 
However, for a transition to be observed, the 
molecule must possess a permanent dipole moment (tU ). 
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The observed frequencies are equidistantly spaced with 
intervals of 2B, therefore the interatomic distance r 
follows directly from these frequencies. Whether the 
transitions fall in the microwave, millimetre-wave or 
far-infrared region depends upon the values of B and J. 
The transition intensities depend upon the 
population Nj of the lower level J, and this population is 
related to the ground state J = 0 level N. by a Boltzmann 
distribution 
E 
N1 - 	 kr 
(2J+1)e 
N . 
where (2J+1) = degeneracy of the J t level 
Thus the level of maximum population, Jmax, is given by 
d (Njmsx 
) 0 d5_ N.  
:
kT= V 2hB 2 
4.2. Centrifugal Distortions 
In reality,, the 	transition 	spacings are not 
constant, but decrease with increasing J. This occurs due 
to the molecular vibrations; as J mc: reases, i.e. as the 
rotation gets faster, the nuclei are thrown outwards by 
centrifugal forces. This increase in r results in an 
increase in I, and therefore a decrease in B. 
The centrifugal distortion can be taken into account 
by rewriting the equation for the energy levels in the 
form 
E = BhJ(J+1) - Dhf(J+1) 2 
where D = centrifugal distortion constant 
The centrifugal distortion constant depends upon the 
stiffness k of the bond 
D = (41rc)2 
B3.L 
For diatomics, D > 0. 
This gives the transition frequencies as 
v,. 1 	= 2B(J+1) - 4D(J+l) 3 
4.3. Experimental 
For a non-linear, N-atom molecule, there are three 
moments of inertia 
N 
Ix = 57Mi(Y'+Z' ) 
i-I 
and likewise for I y and 12. 
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The co-ordinates x, yj and Z - must be measured in 




m1y 1 = 	m.z 1 = 0 
and 
	
mx1y 1 = 	= 	m 4y jz 1 = 0 
Moments of inertia are generally defined in terms of 
axes a, .b, and c such that I, 1 lb I I. 
Each moment of inertia I corresponds to a rotation 
constant A, B or C. It is evident that, in principle, a 
maximum of three rotation constants can be obtained from 
any molecule which possesses a permanent dipole, giving 
three structural parameters. However, if the molecule is 
of high symmetry, some moments of inertia are 
interdependent, yielding fewer independent rotation 
constants. 
For 	a spherical top, Ic = lb = 'a 	and for a 
symmetric top Ic = lb > 'a with I = 0 for a linear 
molecule. Planar molecules have three different moments of 
inertia, yet only two are independent, as they are related 
by I = lb + I 
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The order of magnitude of the uncertainty a(x) in a 
substitution co-ordinate x is given by the empirical rule 
of Costain( 53 ) 
a(x) = 0.0015 
X 
where x is measured in X 
From this equation, it follows that small co-ordinates are 
inherently unreliable: for x < 0.15 A, the expected error 
is greater than 0.01 A. 
It is very important, therefore, to take account of 
the proximity of the atoms to each principal axis. Some 
atoms will be defined well with respect to certain axes, 
but poorly with respect to others. Those lying closest to 
the centre of mass of the molecule, i.e. with smallest 
co-ordinates, will be least well defined. In the case of 
monosubstituted aromatic rings, it is the atoms in the 
ipso- region which are the least well defined. 
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CHAPTER 5 
COMBINED ANALYSIS 
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5.1. Molecular Vibrations 
Vibrations can considerably affect a molecule's 
average 	geometry, 	especially 	large-amplitude, 
low-frequency motions with correspondingly low force 
constants. These are described by anharmonic potential 
energy functions, in whose surfaces there often exist 
several shallow minima. Such motions involve concerted 
atomic displacements resulting in small changes in 
potential energy, hence correspondingly low-frequency 
oscillations. The lowest-frequency vibrational modes are 
usually torsions around a dihedral angle, making a change 
of conformation the most common structural change. 
The peak broadening in the radial distribution curve 
obtained from the electron diffraction experiment was 
first investigated by James( 13 ) in 1932. It is due to the 
thermal averaging of the interatomic distances over their 
vibrational states, and can therefore give information 
about the molecule's intramolecular motions, for example 
internal rotation, inversion, ring-puckering and 
pseudorotat ion. 
Large-amplitude motions are particularly noticeable 
for linear molecules, for example CO2. Here the measured 
nonbonded ra(O. .0) distance is 0.004 A shorter than twice 
the bonded ra(C=O) distance; however, re(O. .0) = 2re(C=O) 
at thermal equilibrium. This effect was first noticed in 
the allene molecule by Bastiansen( 54 ) and subsequently 
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explained 	by 	Norino( 55 ), and is now known as the 
"Bastiansen-Morino Shrinkage Effect". 
This effect can be attributed to large-amplitude 
perpendicular vibrations; for most of the time the 
molecule has a bent geometry and hence an ra(O. .0) 
distance shorter than the re value. This would apply even 
in the hypothetical case of an isolated molecule at 
absolute zero, due to the zero-point amplitude of the 
bending mode. This vibrationally-averaged structure has a 
reduced symmetry from the point group of its equilibrium 
geometry. 
As a result the experimentally determined geometry, 
ra, is a consequence of the time-average over all 
molecular vibrations, and is different from both the 
equilibrium geometry, re, and those obtained from 
spectroscopic studies. The physical meaning of the 
molecular geometry obtained must therefore be understood, 
especially when comparing the results with those from 
other techniques ( 1 5) 
5.2. Average structures 
The 	equilibrium 	distance, re, 	is 	the 	most 
fundamental definition of an interatomic distance, 
obtained from ah initio wavefunction calculations. It 
corresponds to the minimum of the intramolecular potential 
energy surface, at which all the vibrational modes are 
assumed frozen, and is geometrically self-consistent. It 
is based on the Born-Oppenheimer' approximation, namely 
that, due to the large difference between their masses, 
the motion of the nucleus is negligible compared with that 
of the electrons. The nuclear and electronic wavefunctions 
are therefore separable, therefore the potential function 
is independent of the nuclear masses( 57 ) and the re 
structure is isotopically independent. However it is a 
purely hypothetical structure, because even at T = 0 K 
molecules still undergo zero-point vibrations. This makes 
the re bond length slightly shorter than the ground state 
separation for the rigid rotor, r 0 , due to the anharmonic 
nature of the Morse potential energy curve. The re 
structure therefore exists as a useful standard against 
which experimental results may be - compared, after 
allowance for vibrational effects, and as a source of 
test data. 
The position of the centre of gravity of a peak on 
the radial distribution curve of P(r) vs. r is denoted by 
the distance average r 9 . This corresponds to the 
vibrationally averaged internuclear distance at thermal 
equilibrium. However the parameter most directly related 
to the electron diffraction data is given by the effective 
internuclear distance ra, and corresponds to the centre of 
gravity of the peaks on the P(r)/r vs. r plot. 
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The general formula for relating the vibrational 
average of any kth power of r, rk, to the equilibrium 
distance re is given by 
3 z (k-Du 
= r+ --au + 
2r 	
+8r 
where ar = centrifugal stretching, usually <0.001 A 
Angle brackets denote the statistical vibrational average 
at thermal equilibrium over a Boltzmann distribution of 
the available vibrational states. 
Any average structure of this form is different for 
each isotopic species, because u 2 depends on the reduced 
mass and vibrational frequency of the oscillator. 
This gives r 9 (with k = 1) as 
r1  E <r> = r.+ au 2 +6r 
and ra (with k = -1) as 
3 2 U 2 
r a = - 	= r.+ au --+8r 2 	r 
relating rg to ra by 





the  harmonic approximation the mean square 
amplitude of vibration u 2 is equated to the mean square 
parallel amplitude ' 
/ 2' 
Z . Hence the electron diffraction 
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distances ra can be converted into average distances r 9 by 
considering the mean square amplitudes of vibration of the 
atom pairs. 
The instantaneous interatomic distance rij of two 
vibrating atoms i and j aligned at equilibrium along the 
z-axis is given by the deviation from the equilibrium 
interatomic distance re 
r2 (re+Azj)2+Lixjj2+Ltyjj2 
where óx,y,z = instantaneous displacements from equilibrium 
r' 3 is always greater than re, due to the stretching 
and bending motions of the atoms. Making the 
approximations 
2 	 2 
tx +1y, 
2 
(r+&z 1 ) . Azjj 4C r 
and expanding about re as a binomial series gives 
2 	2 
Ix +Ay 
r 1 = r+iz+ 
2r. 
in the second-order approximation. 
r g is obtained by taking the vibrational average 
r, a <r,j> = r+<1z>+K+8r 
where (t3z) = first—order anharmonic term 
defining 	the second-order perpendicular amplitude 
correction term as 
K - 
2r 
LCNFIR produces an rd structure, whose direct 
coupling constants D, arise from the vibrational average 
of <r -3 >. Simplistically, 
3 z 2u 1 
r. - 	- 	- rc+Tau - 	+8r r. 
relating it to the ra structure by 
2 
U 
A problem associated with the r 9 , ra and rd 
structures is that they are geometrically inconsistent. A 
geometrically self-consistent definition of the average 
internuclear distance is given in the form r, namely the 
distance between the vibrationally averaged positions of 
the atomic nuclei at thermal equilibrium. It is similarly 
found to be 
<'&X> 2 + <'&Y>2 
 
r cw r+<,.z>1+ 2r 
But 
<AY>T CX  O.O1X 




r: a, re + 
It should be noticed that the terms <AX 	in ra are 
of the order of 0.0001 A, and are therefore negligible. 
But the equivalent terms <AJIC2> in r g are greater than 
0.001 A, and can be significant. 
The average structures r 9 , ra and r are therefore 
related by 




r = r+--K-8r 
The average distances r g can be calculated from the 
ra structure obtained from the electron diffraction 
analysis by including the mean amplitudes of vibration. r 9 
can then be converted to ra by introducing the 
perpendicular correction terms K, mean square parallel 
amplitudes UT 2  ,UO 2 and centrifugal stretching 6r, 
calculated from the molecule's harmonic force-field. In 
order to convert r into an average for the zero-point 
vibrational state only, it is necessary to extrapolate to 
absolute zero. This gives r,°, in the limit 
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3 
h a ( u T_ uo )_KT_r 
This 	latter term requires knowledge of the 
anharmonic potential function. For a bonded distance, the 
diatomic oscillator approximation may be made, but 
nonbonded distances need a more sophisticated approach. 
The average is now in the ground vibrational state 
r = 
The microwave experiment leads to a structure 
derived from the empirical rotation constant 
B= 
4wi.r 
In the ground vibrational state, one obtains a 
ground state rotation constant B 0 from which the ground 
state structure r 0 may by derived. This only has a clear 
physical significance for diatomic molecules, where 
3 2 3u 1 
r. - 	- rc+Tau - 	+r 2r 
Applying harmonic corrections to B. (perpendicular 
vibration amplitudes K) from normal co-ordinate analysis 
gives the vibrationally corrected B. This gives the 
self-consistent "zero-point" geometry r 2 , representing the 
distance between average nuclear positions in the ground 
vibrational state, i.e. averaged over the zero-point 
motion. 
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22 	 2 	 2 r. = (r+<Az>0) +<ix>0+<iy> 








In a similar fashion, the structure of the vth 
vibrational state rv may be found to be 
r 
rz has the same physical meaning as r,°, and the two 
geometries can then be compared or combined directly to 
give an ray structure. 
The vibrational 	corrections are calculated by 
constructing a harmonic force-field for the molecule, 
using in our case programs such as "GANP"() and 
"ASYI420"( 59 ). The molecular geometry and fundamental 
vibrational modes together with associated frequencies 
(observed from IR spectroscopy) are input. Trial estimates 
for the force constants are altered until the observed 
frequencies are reproduced from the normal co-ordinate 
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analysis, either by changing individual force constants or 
by a least-squares refinement. The correction terms to u2 
and IC at ambient temperature and absolute zero are output. 
The most unambiguous geometry is the equilibrium 
structure, re, but this is computed from ab initlo 
calculations and cannot be measured directly. The average 
structure, r 9 , provides the best value of a chemical bond 
length as it expresses an average length at a given 
temperature. However, r 9 is geometrically inconsistent, 
and for nonbonded distances the perpendicular vibrations 
(e.g. the Shrinkage Effect) make the r 9 value an 
unreliable estimate. For these distances, the 
self-consistent r a o/r z structure yields the best values; 
this defines distances between average molecular positions 
and so is free from these effects. Hence this is the most 
suitable representation of the geometry as a whole. 
Both 	the parallel vibrational amplitude terms, 
u, and the centrifugal stretching, 6r, and therefore both 
the r q and ra structures, are particularly sensitive to 
temperature and isotopic substitution. Although the ro 
structure is not temperature-sensitive like ra, it 
incorporates anharmonic effects from the zero-point 
vibrations <Z> and is therefore isotope sensitive. It 
is only the re structure which is independent of both 
effects. 
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5.3 Combined Analysis 
It can be seen that ED, LCNMR and 11W data can be 
vibrationally corrected to give equivalent data in the 
form of an r a o/r z geometry. These can then be directly 
combined into an ray structure, for example by including 
LCNMR and MW data in the ED refinement program. In effect, 
the inclusion of extra, non-ED data in the electron 
diffraction refinement process removes correlations 
between interatomic distances with similar values. This 
increases the precision of structural determination from 
any one single technique, as each technique has its own 
advantages and disadvantages. 
ED data are derived from a one-dimensional distance 
plot, therefore similar interatomic distances are not 
separately determinable. The area of each peak is 
proportional to the atomic weights, so distances involving 
hydrogen are very difficult to obtain accurately. 
MW requires the molecule to possess a permanent 
dipole. Atoms close to the principal axes contribute 
little to the corresponding moment of inertia and are 
therefore inaccurately located. A maximum of only three 
rotation constants can be measured from each isotopomer, 
necessitating isotopic substitution in all but the 
simplest cases. However bond lengths involving an 
isotopically substituted atom are different, particularly 
marked in the deuterium replacement of hydrogen. This 
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gives the r 9 structure (r 8 	½(r0 + re) for diatomics) 
which is up to 0.02 A shorter than r q . 
LCNMR requires the molecule to contain nuclei with 
nonzero nuclear spin. Only distance ratios, not distances 
themselves, can be obtained, and liquid crystal solvents 
which do not distort the molecular structure from that of 
the gas phase have to be chosen. 
In addition the molecule must be able to survive the 
experimental conditions in each of these techniques. 
Despite the limitations of each method, the benefits of ED 
and NW are complementary to those of LCNMR; combining the 
results from each can therefore be useful. In particular, 
ED can provide the absolute size of the molecule whereas 
LCNNR cannot. Also the ratios of similar interatomic 
distances can be obtained from LCNMR, thus complementing 
information obtainable from ED, which gives only mean 
distances when peaks overlap on the radial distribution 
curve. In addition where ED is poor at locating hydrogen 
atoms, these are well determined from LCNMR data. Rotation 
constants can further supplement the data for use in the 
combined analysis. 
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CHAPTER 6 
MOLECULAR DISTORTIONS 
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6.1. Distortions of a substituted benzene ring 
When a hydrogen atom in a molecule is replaced by a 
functional group, the distribution of molecular valence 
electrons is perturbed. Both the chemical properties and 
the geometry of the molecule are altered. The energy to 
stretch a bond by 0.1 A is 15 kJ mol', to open an angle 
by 10 0 IS 5 kJ mol -1 and a dihedral angle by 15° is 
1 kJ mol'. Bond lengths can change by a few hundredths of 
an Angstrom, and therefore angles up to 100. 
In 1956, a gas-phase electron diffraction study of 
phenylsilane, Ph_SiH3( 60 ), revealed that the geometry of 
the benzene ring deviated substantially from that of a 
pure hexagon. Its internal ipso- angle was reduced from 
120° to 117.4°. However the observed distortions were 
considered as arising from noise from the data. It was not 
until the 1970's that systematic conclusions of real 
distortion of the benzene ring caused by functional groups 
started to appear, mostly based on X-ray diffraction 
studies. Dornenicano carried out a statistical treatment in 
1983( 61 ) and a review of gas-phase results in 1988( 62 ). 
The rnonosubstitution of benzene results in lowering 
the symmetry of the ring from D6h to C2, and only further 
reducing it to C 9 or lower with an asymmetric functional 
group (e.g. -OH, -ONe or -CHCH2). In the C2 1 case, there 
are three different C-C bond lengths and four different 
internal ring angles, lettered a-c and cx-6 respectively 
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and shown below in Fig. 6.1. 
x 
Fig. 6.1. Labeling of the C-C bonds and <CCC angles in 
monosubstituted benzene rings. 
The angles must sum to 180(n-2)o for a planar 
n-polygon, i.e. 720 0 for a hexagon, and the ring must 
close symmetrically. These conditions give two equations 
of geometrical constraint 
a + 2p + 2i + 8 = 7200 
8 
asrn -1 - csin- - = bsin(180 °_.._3) 
There are therefore five independent parameters required 
to describe the geometry of the ring. 
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Upon substitution, the bond length a changes from 
that of benzene( 23 ) ( 1.397 A) with b and c generally 
unaffected. The angle a deviates from 120 0 , as does 
-A a . Y and 6 change far less, but nonetheless 
significantly. The angle a is markedly affected by the 
a-inductive effect of the substituent, and within a row of 
the periodic table increases linearly with 
electronegativity, as shown in Fig. 6.2( 63 ). This makes 
the angle a an interesting indicator of electronic 
substituent effects and electronegativity of the 
functional group. It can take values from 112° to 125°, to 
within ±0.1°, giving a range of some 13°. For example, 
a = 1130(Ph-Li), a = 116-°(Ph-Ph), a = 1220(Ph-Cl) and 
a = 125o(Ph-N+N). The accompanying range for the change 
in bond length a is 0.05 A. It is interesting to note that 
unsubstituted benzene (X = H, Da = DP = 0) lies well away 
from the regression line on the graph of ipso angle a vs. 
substituent electronegativity X. 
The variations of a, a and P are correlated; an 
increase in a is associated with a concerted decrease in 
(and small increase in Y ) and a shortening of the a 
bonds. In the case of a ir-electron donating substituent, 
this structural change is smaller and is reversed. 
This concerted distortion of the internal ring 
angles can therefore be described by two competing 
effects, involving angular changes in different ratios. 
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AF 












Fig. 6.2. Empirical correlation between the angle a 
of a monosubstituted benzene ring and the 
electronegativity of the substituent. 
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The major one arises as a consequence of the 
electronegativity of the substituent, and mostly affects 
the angles a and P. 
The ratios of the ring angle distortions are given 
by 
= 1.00: -0.69: 0.06: 0.26 ° 
The bond distance a is also affected, 
isa: Aa = 1.00 ° : -0.00271 
Hence the large changes at the ipso- and ortho- positions 
of the benzene ring are largely controlled by the 
inductive effect of the substituent. 
The minor effect is related to the ir-donor/acceptor 
strength of the substituent, mostly affecting angles Y 
and 6: 
a: AP : Ay : A8 = 0.08 : 0.19: -0.73: 1.000 
This effect is negligible for benzene derivatives with 
second-row substituents. The minute changes at the meta-
position are governed by the resonance effect, and the 
small changes at the para- position arise from an equal 
combination of the two effects. 
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This gives rise to a further, statistical, equation 
of constraint( 64 ) for the internal angles 
S43 = -0.59I(7)& 
- 0.301(15) ° 
for first-row substituents, and 
AP = 0.615(11)a - 0.384(19) ° 
for second-row substituents. 
The physical meaning of these equations is that the 
angular distortion caused by the substituent at the ipso-
position of the ring is largely compensated for by an 
opposite distortion at the ortho- positions. 
The distortions of the ipso- region of the benzene 
ring can be explained qualitatively by hybridisation 
effects( 65,66 ). The values of a and a are determined by 
repulsive interactions of the bonding and nonbonding 
electrons of the atom pair. It is well known that 
p-electrons penetrate the inner core less than 
s-electrons. They therefore experience a smaller effective 
nuclear charge and are held more loosely. Hence the 
p-character of the Sp-, sp2- and sp3-hybridised carbon 
atoms tends to concentrate on those hybrid orbitals which 
point towards more electronegative, a-electron 
withdrawing substituents ( 6 7 6 8) 
According to the valence-shell electron pair 
repulsion (VSEPR) model( 69 ), the shift of electron density 
- 83 - 
from the ipso- carbon to the electronegative substituent 
polarises the C-X a-bonding molecular orbital. 
Consequently the bonding electron pair takes up less space 
in the valence shell of the ipso- carbon and therefore 
interacts less strongly with the other two neighbouring 
hybrid orbitals, resulting in a decrease in their 
p-character. This leads to a shortening of the a bonds and 
an accompanied increase in the ipso- angle a. For example, 
the gas-phase structural determination of 
chlorobenzene( 70 ) gives angles a, p, Y and 6 as 121.7°, 
119.1°, 120.2 0 and 119.8° respectively, and bond lengths 
a, b and c as 1.391 A, 1.394 A and 1.400 A respectively. 
Thus the chlorine substituent has the effect of pushing C1 
towards the ring centre. The opposite effects occur with 
a-electron releasing substituents, due to an increase in 
electron repulsion. 
If 	the 	substituent 	contains 	jr-electrons, it 
conjugates with the 'n--system of the ring, increasing the 
electron density of the ac-x bond and decreasing its 
length( 71 ) . This resonance interaction between the ring 
and the substituent increases the repulsion between the 
electron pairs and the a bonds, lengthening the latter and 
decreasing the angle a. This effect is only appreciable 
with the strongest 7r-donors, e.g. -NH2, -OH, -NMe2, -ONe 
and -F. 
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6.2. Superposition of ring distortions 
To a first approximation, the angular distortion of 
the benzene ring in polysubstituted molecules may be 
interpreted as arising from the superposition of the 
separate, independent effects of each individual 
substituent( 69 ' 81 ). Each substituent may be assigned a set 
of "angular parameters", defining the deviations of the 
ring angles from 120 0 . For example, solid-state 
studies( 80 ) provide angular parameters for chlorine as 
Aa = +1.9 0 , A p = -1.4°, AY =+0.6o and 6 = -0.2°. 
This is in close agreement with those obtained from 
gas-phase studies( 70 ), which give the parameters as +1.7°, 
-0.9 0 , +0.2° and -0.2° respectively. 
Most of these empirical values originate from X-ray 
crystallographic studies of molecules, and relatively few 
from the gas phase. The predicted angles, however, mostly 
agree with experimental values to within a few tenths of 
a Intermolecular forces in a condensed phase 
influence the ring-substituent interaction, and this is 
more likely to occur with 'it-donor/acceptor groups, because 
it-electrons are more easily polarised than a-electrons. 
Contributions of polar canonical forms is enhanced by the 
crystal field through dipole-dipole interactions. This 
gives rise to strong intermolecular hydrogen bonds, due to 
the increased acidity of the it-donating substituents (e.g. 
-NH2, -OH) (64,83-85) . However, in chlorobenzenes( 86) and 
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toluenes( 87 ), this effect is not observed; the ipso- angle 
in the gas and solid phases are essentially the same, due 
to the weaker crystal environment interactions. 
Using the gas-phase angular parameters for -Cl, this 
gives predicted ring geometries of the dichlorobenzenes, 
some trichlorobenzenes and tetrachlorobenzenes( 72-79) 
shown in Figs. 6.3, 6.4 and 6.5 respectively. These are in 
very good qualitative agreement with the experimental 
results. 
Angular deviations from this superposition technique 
are no more than 1-2°, and are exhibited mainly by the 
ox-tho- substituted rings, where steric effects play a 
major role: e.g. the ipso- angles in both 1,2-dichioro and 
1,2,3-trichlorobenzene are narrower than predicted. For 
bulky groups such as -S1H3, the substituents are forced 
out of the plane of the ring altogether) 79 ). Overall ring 
distortions are greater when the substituents distort 
constructively, e.g. the 1, 3-dichioro and 1, 3,5-trichioro 
benzenes. 
Systematic 	deviations occur where two or more 
substituents interact co-operatively through the benzene 
ring, e.g. p-nitroaniline( 82) or p-diaminobenzene( 83) 
Here the presence of strong 'if-donors and it-acceptor 








































































































































































































































Cl 	 Cl 
cl C1 	C1 
121 .01 










C' Cl Cl Cl C' 
Fig. 6.4. Comparison between predicted ring geometries of some 
trichlorobenzenes from the superposition of distortions with 
experimental data. Hydrogens and multiple bonds are omitted 
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Fig. 6.5. Comparison between predicted ring geometries of some 
tetrachlorobenzefles from the superposition of distortions 
with experimental data. Hydrogens and multiple bonds are 
nmltted for clarity. 
In principle, a similar type of superposition of 
distortions from separate substituents is possible for the 
ring bond lengths ( 81) . However these changes are much 
smaller than angular deviations, and in practice such 
superposition is not performed owing to a lack of accurate 
enough data. 
6.3. Superposition of heteroaromatic ring distortions 
The ring deformation of heteroaromatics may be 
explained in a similar fashion. The ring geometries of the 
gas-phase structures of pyridine, phosphabenzene and 
arsabenzene are shown below: 
Y = N(88) (89) As() 
a/0 116.1 101.1(3) 97.0(3) 
p/o 124.6 124.4(7) 125.3(7) 
Y 0 117.8 123.7(8) 123.9(13) 
610 119.1 122.8(8) 124.5(11) 
a/A 1.344 1.733(3) 1.850(2) 
b/A 1.399 1.413(10) 1.391(9) 
c/A 1.398 1.384(12) 1.400(10) 
The aromaticity is preserved along the series; the 
rings are planar and the C-C bond lengths differ very 
little from that of benzene. 
A marked narrowing in the ipso- angle <CYC is 
exhibited, together with an even larger widening of the 
ortho- angle <YCC. This trend exaggerates in going from 
X = N, P, As. The widening can be attributed to the 
presence of the lone pair on the heteroatom, and the 
progression is due to decreasing electronegativity of the 
heteroatom. It is tempting, therefore, to assign a set of 
"angular parameters" to each heteroatom, in much the same 
way as for substituents. Naïvely, one could examine 
pyridine, and give to nitrogen such gas-phase parameters 
as A a = -3.90, A p = +4.6°, AY = -2.2° and t6 = -0.9 0 . 
The principle of superposition of ring distortions 
may then also be applied to the diazines, shown in 
Fig. 6.6( 9092 ). The agreement is not quite as good for 
the azines with respect to the chlorobenzenes, possibly 
due to the larger distortions present. However, as above, 
the prediction is more accurate for heteroatoms further 
apart, e.g. pyrazine (1,4-diazine). Again, the distortions 
can be mutually destructive, giving pyridazine 
(1,2-diazine) a geometry closer to purely hexagonal than 
the others. 
The superposition method can be further extended to 
substituted heteroaromatics, 	for example the three 



































































































































































































































































































































































































































































chlorodiazines( 93 ) shown in Fig. 6.7. As before, the same 
trends 	can be 	observed; molecules 	with 	adjacent 
heteroatoms give poorly predicted geometries, and 
constructive effects give 2-chioropyrimidine the most 
distorted structure. 
The 	compounds 	studied in this work are more 
polyazines and chioroazines, further testing the 
effectiveness of the superposition technique in predicting 
the trends of ring distortion in polysubstituted 
heteroaromatics. 
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CHAPTER 7 
GAS-PHASE STRUCTURES 
OF 1,2,3-TRIAZINE, 1,3,5-TRIAZINE 
AND 1,2.4,5-TETRAZINE 
- 95 - 
7.1 Introduction 
It is interesting to compare how well the method of 
superposition( 69 ' 81 , outlined in Chapter 6, predicted the 
geometry of each of the three diazines. More conclusions 
could be drawn by considering some polyazines containing 
more than two heteroatoms. We now look at two triazines 
and a tetrazine, and compare the experimental and 
predicted structures in a similar fashion. 
Proceeding as before, Fig. 7.1 gives the predictions 
of the superposition schemes for these molecules. 
7.2 Experimental 
The electron diffraction data were collected by the 
general method described in Chapter 1. The samples have 
relatively low volatility, and subsequently had to be run 
at elevated nozzle temperatures of around 400 K. Tab.le 7.1 
gives the experimental information, together with 




























































































































































































Table 7.1. Weighting functions, 	correlation parameters 
and scaling factors for 1,2,3-triazine, 
1,3,5-triazine and 1,2,4,5-tetrazine 
1,2, 3-triazine 1,3,5-triazine 	1,2,4,5-tetrazi 
Camera Height I mm 259.0200 93.6900 260.0600 95.4600 261.4800 
Nozzle Temp / K 403 436 387 387 411 
s / A - ' 0.200 0.400 0.200 0.400 0.200 
Smir, / A' 2.000 8.000 2.000 8.000 2.000 
sw, / A - ' 4.000 10.00 4.000 10.00 4.000 
sw2 / A-i 14.00 30.40 14.00 30.40 14.00 
Smax / A - ' 16.40 35.60 16.40 35.60 16.40 
Correln Parameter 0.4979 0.4809 0.2032 0.4516 0.4881 
Scale Factor 0.623(11) 0.974(27) 0.834(7) 0.765(22) 0.626(19) 
e - X 	/ A-I 0.05701 0.05699 0.05682 0.05682 0.05697 
7.3. The gas-phase structure of 1,2,3-triazine 
The molecule was assumed to be planar. The mirror 
plane through N1 and C4 gives it a C2 1 symmetry, with 21 
different intramolecular distances and eight independent 
parameters, shown in Table 7.2. Of these, only four were 
able to be independently refined; the average C-H and 
bonded ring distance, the difference between the N-N and 
N-C bonded distances, and the NNN angle. 
The radial distribution curve (RDC) is shown in 
Fig. 7.2, and consists of four distinct peaks. The inner 
one at a distance of 1.35 A is due to the three bonded 
ring distances, r(N-N), r(N-C) and r(C-C). On the left of 
this, there is a shoulder resulting from the two bonded 
C-H distances, at 1.1 A. 
The second peak at 2.3 A is comprised of the four 
2-bond N. .0 and C. .0 nonbonded distances. It has a barely 
distinguishable shoulder at 2.1 A, corresponding to the 
three 2-bond N..H and C..H distances. The peak at 2.7 A is 
due to the two 3-bond N. .0 and C. .0 distances. The barely 
detectable outermost peak at 3.3 A arises from the three 
3-bond N. .H distances, but the two 4-bond N. .H distances 
do not feature in the outermost extent of the curve. 
The initial parameter values were obtained from 
those predicted by the superposition principle, described 
in detail in Chapter 6. The average ring and C-H bond 
distances were set at 1.36 A and 1.09 A respectively. The 
Table 7.2. Molecular parameters for 1, 2,3-triazine. 
All distances in A, all angles in degrees. 
P 1 av r(ring) 
P 2 r(NN)-r(CC) 
P 3 r(NC)-r(CC) 
P 4 <NNN 
P 5 <NNC 
P 6 av r(C-H) 
P 7 diff r(CH) 
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Fig. 7.2. Observed and final difference radial distribution curve, 
P(r)/r, for 1,2,3-triazine. 
differences r(N-N) - r(N-C) and r(N-C) - r(C-C) were both 
set to -0.02 A, and the ring angles <NNN and <NNC set to 
120 0 and 119 0 respectively. 
The initial values of the vibration amplitudes were 
assumed from a consideration of those of pyridine. In 
addition, the semi-empirical molecular mechanics program, 
'tNM3'( 9 ), was used to generate vibrational amplitudes. 
Although the absolute values calculated are somewhat 
unrealistic, its important contribution is to provide the 
relative magnitudes of the amplitudes. 
First the average bonded ring distance parameter was 
refined, followed by the <NNN angle. Initially both the 
ring angles <NNN and <NNC would not refine simultaneously, 
and it was necessary to alternate fixing one and refining 
the other. The ring distance differences would not refine 
at all, tending to give the N-N bond longer than the N-C. 
At this point amplitudes of vibration were included 
in the refinement, shown in Table 7.3. The three distances 
giving rise to the first main peak on the RDC, r(N-N), 
r(N-C) and r(C-C), are unresolvable; their amplitudes 
therefore cannot be refined separately. Instead the 
amplitude of one of the distances is refined (in this case 
u(N-N)), and the others are constrained to it in a fixed 
ratio, here of 1.0. This thereby has the effect of 
refining the distinct peak itself. Then the average bonded 
C-H distance parameter was introduced into the refinement. 
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Table 7.3. Interatomic distances and amplitudes u 
for 1,2,3-triazine. All values in A. 
Distance Amplitude 
d 1 (Ni-N2) 1.333(1) 0.052(2) 
d 2 (N2-C3) 1.353(1) 0.052 (tied to u 	1) 
d 3 (C3-C4) 1.373(1) 0.052 (tied to u 1) 
d 4 (C3-H7) 1.089(9) 0.075 (fixed) 
d 5 (C4-H8) 1.089(9) 0.075 (fixed) 
d 6 (NI. .C3) 2.307(11) 0.068(2) 
d 7 (Ni. .C4) 2.639(8) 0.057 (tied to u 	11) 
d 8 (Ni. .1-17) 3.299(9) 0.138(167) 
d 9 (Ni. .1-iS) 3.728(13) 0.090 (fixed) 
dlO (N2. .C4) 2.342(5) 0.068 (tied to u 6) 
dii (N2..C5) 2.740(4) 0.057(6) 
d12 (N2. .N6) 2.364(3) 0.068 (tied to u 6) 
d13 (N2..H7) 2.119(8) 0.084(11) 
d14 (N2. .H8) 3.328(11) 0.138 (tied to u 8) 
d15 (N2. .H9) 3.829(10) 0.090 (fixed) 
d16 (C3. .C5) 2.400(7) 0.061 (tied to u 6) 
d17 (C3. .H8) 2.128(9) 0.079 (tied to u 13) 
d18 (C3. .1-19) 3.392(11) 0.153 (tied to u 8) 
d19 (C4. .H7) 2.154(8) 0.079 (tied to u 13) 
d20 (F17. .1-18) 2.475(9) 0.140 (fixed) 
d2i (H?. .H9) 4.300(17) 0.150 (fixed) 
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Next the peak around 2.7 A was considered. In a similar 
fashion, one 	of the 3-bond N. .0 distance amplitudes, 
u(Ni. .C4), was refined, while the other, 	u(N2. .C5), was 
constrained to it in the ratio of 1.0. Next the 2-bond 
amplitudes u(C. .C), u(N. .C) and u(N. .N) responsible for the 
second main peak on the RDC were similarly refined as a 
group. It was at this point that the ring geometry altered 
drastically. The ring angle <NNN narrowed by 2.1° to 124.8°, 
accompanied by a concerted widening of <NNC by 1.90 to 
118.3°. Both parameters were reset to their original values, 
and only the <NNN angle was allowed to continue refining. 
The 3-bond amplitudes u(N. .H) and u(C. .H) were then 
refined as a group. This had the effect of lengthening the 
C-H bonds to 1.087 A from 1.082 A, a value which had been 
steadily dropping throughout the course of the refinement 
up to that point. Finally the 2-bond amplitudes of 
vibration u(N. .C) and u(C. .H) were refined as a group, 
leading to little overall change in molecular geometry. 
Neither the bonded C-H amplitudes nor the 3-bond u(C. .H) 
were able to be refined. Similarly, no attempt was made to 
refine the <NCH and <CCH angles. 
Throughout the refinement, various parameters and 
amplitudes were constantly refined, altered or fixed. When 
both ring angles <NNN and <NNC were allowed to refine 
simultaneously, they tended to switch values and had to be 
reset. The final value of RG obtained was 11.54 %. The 
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a) 258 and b) 96mm. 
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Fig. 7.3. Observed and final weighted difference molecular scatteri: 
intensities for 1,2,3-triazine, at nozzle-plate distances 
Table 7.4. Least squares correlation matrix (xlOO) for 
1,2,3-triazine. All elements with absolute 
value <20 have been omitted. 
P4 P6 Ui u6 u8 uli u13 ki k2 
32 	 Fl 
	
-44 	-75 	 P4 
-37 	P6 
38 	21 	33 81 ul 
































experimental 	and final difference molecular scattering 
curves are shown in Fig. 7.3. 
7.4. The gas-phase structure of 1,3,5-triazine 
The molecule was assumed to be planar. The mirror 
plane through each of the nitrogens gives it a D3h 
symmetry, with nine different intramolecular distances and 
3 independent parameters, shown in Table 7.5. All the 
parameters were able to be independently refined. 
The radial distribution curve is shown in Fig. 7.5, 
and consists of four distinct peaks. The inner one at a 
distance of 1.35 A is due to the bonded ring distance, 
r(N-C). On the left of this, there is a shoulder resulting 
from the bonded C-H distance, at 1.1 A. 
The second peak at 2.3 A is comprised of the 2-bond 
N. .N and C. .0 distances. It has a barely distinguishable 
shoulder at 2.1 A, corresponding to the 2-bond N. .H 
distance. The peak at 2.7 A is due to the 3-bond N. .0 
distance. The barely detectable outermost peak at 3.25 A 
arises from the 3-bond C. .H distance, but the 4-bond N. .H 
distances do not feature in the outermost extent of the 
curve. 
The value of the initial bond length parameters 
r(C-N) and r(C-H) were the same as above. The <CNC ring 
angle was set at that predicted by the superposition 
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Table 7.5. Molecular parameters for 1,3,5-triazine. 
All distances in A, all angles in degrees. 
p 1 R(C-N) 	1.338(1) 
P 2 <C-N-C 	114.07(3) 
P 3 R(C-H) 	1.088(1) 
Table 7.6. Interatomic distances and amplitudes u 
for 1,3,5-triazine. All values in A. 
Distance Amplitude 
di (Ni-C2) 1.338(1) 0.047(2) 
d 2 (C2-H7) 1.088(8) 0.075(11) 
d 3 (Ni. .N3) 2.384(3) 0.066(5) 
d 4 (Ni. .H7) 2.073(8) 0.120(10) 
d 5 (C2. .C4) 2.245(4) 0.066 	(tied to u 3) 
d 6 (Ni. .C4) 2.673(1) 0.060(3) 
d 7 (C2. .H8) 3.234(9) 0.155(16) 
d 8 (Ni. .H8) 3.761(9) 0.100 	(fixed) 
d 9 (H7. .H8) 4.130(14) 0.120 	(fixed) 
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Fig. 7.5. Observed and final difference radial distribution curve, 
P(r)/r, for 1,3,5-triazine. 
principle, of 1120. The initial values of the vibration 
amplitudes were assumed from a consideration of those of 
pyridine and those calculated from the program "MN3"(). 
First the average bonded ring distance parameter was 
refined, followed by the CNC angle. Then the r(C-H) 
parameter was introduced. 
At this point amplitudes of vibration were included 
in the refinement, shown in Table 7.6. The amplitude of 
the bonded distance u(N-C) giving rise to the main peak on 
the RDC was refined first. 
Then the 3-bond amplitude u(N. .C) was refined, 
uniquely responsible for the peak at 2.7 A. Next the 
2-bond amplitudes of vibration u(N. .N) and u(C. .C) were 
refined as a group in the ratio of 1.0. The bonded 
amplitude u(C-H) and 2-bond u(N. .H) were then introduced 
into the refinement, responsible for both the shoulders on 
the left of the two main peaks on the RDC. Finally the 
fourth, barely indistinguishable, peak on the RDC at 
3.25 A was brought in, by refining the 3-bond amplitude 
u(C. .H). 
It is inte: resting to note that, throughout the 
refinement, the value of the bonded ring distance 
parameter, r(N-C), dropped steadily by 0.002 A to 1.338 A, 
as did r(C-H) to 1.088 A. These, however, were minor 
changes compared with the angula r parameter <CNC, which 
widened by 2.1 0 to 114.1°. 
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a) 258 and b) 96mm. 
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(b) 
Ca) 
Fig. 7.6. Observed and final weighted difference molecular scatteri: 
intensities for 	,5-triazine, at nozzle-plate distances 
Table 7.7. Least squares correlation matrix (xlOO) for 
1,3,5-triazine. All elements with absolute 
value <20 have been omitted. 
P2 P3 ul u2 u3 u4 u6 u7 ki k2 
38 	-20 	-21 	 P1 
77 	 P2 
-27 	 -64 	P3 
	
41 	 20 	59 66u1 
u2 
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The final value of RG obtained was 5.41 %. The 
experimental and final difference molecular scattering 
curves are shown in Fig. 7.6. 
7.5. The gas-phase structure of 1,2,4,5-tetrazine 
The molecule was assumed to be planar. The mirror 
planes through and perpendicular to the carbons give it a 
D2h symmetry, with 11 different intramolecular distances 
and four independent parameters, shown in Table 7.8. Of 
these, only two were able to be independently refined; the 
average bonded ring distance and the <NCN angle. 
The radial distribution 
and consists of five distin 
distance of 1.35 A is due 
distances, r(N-N) and r(N-C). 
is a shoulder resulting from 
1.1 A. 
curve is shown in Fig. 7.8, 
t peaks. The inner one at a 
to the two bonded ring 
On the left of this, there 
the bonded C-H distance, at 
The second peak at 2.2 A is comprised of the 2-bond 
N. .0 and 3-bond C. .0 nonbonded distances. It has a barely 
distinguishable shoulder at 2.0 A, corresponding to the 
2-bond N. .H distance. The peaks at 2.5 A and 2.85 A are 
due to the 2-bond and 3-bond N. .N distances respectively. 
The 4-bond C. .H distance does not feature in the outermost 
extent of the curve. 
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Tabl.e 7.8. I'Iolecular parameters for 1 ,2,4,5-tetrazine. 
All distances in A, all angles in degrees. 
P 1 av r(RING) 
	
1.337(3) 
P 2 r(CN)-r(NN) 0.020 (fixed) 
P 3 <NCN 
	
139.09(50) 
P 4 r(CH) 
	
1.085 (fixed) 
Table 7.9. Interatomic distances and amplitudes u 
for 1,2,4,5-telzrazine. All values in A. 
Distance Amplitude 
d 1 (C1-N2) 1.347(3) 0.055(7) 
d 2 (N2-N3) 1.327(3) 0.055 	(tied to 	u 1) 
d 3 (C1-H7) 1.085(1) 0.075 
d 4 (Cl. .N3) 2.196(5) 0.053 
d 5 (Cl. .C4) 2.268(11) 0.060 	(fixed) 
d 6 (Cl. .H8) 3.353(11) 0.100 
d 7 (N2. .N5) 2.851(8) 0.060 
d 8 (N2. .N6) 2.524(8) 0.060(17) 
d 9 (N2. .H7) 2.003(3) 0.099(51) 
dlO (N2. .H8) 3.147(5) 0.100 	(fixed) 
dli (H7. .H8) 4.438(11) 0.110 	(fixed) 
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Fig. 7.8. Observed and final difference radial distribution curve, 
P(r)/r, for 1,24,5-tetrazine. 
-1 
The value of the initial bond length parameters 
r(C-N) and r(C-H) were the same as above. The <NCN ring 
angle was set at that predicted by the superposition 
principle, of 123°. The initial values of the vibration 
amplitudes were assumed from a consideration of those of 
pyridine and those calculated from the program "NM3"(). 
First the average bonded ring distance parameter was 
refined. Its value immediately fell to below 1.3 A, so was 
reset and the <NCN parameter was refined instead. However, 
this 	immediately took a value wider than 140°. No 
subsequent 	combination of parameter and amplitude 
refinements gave rise to a plausible geometry, so the 
situation was re-examined. The short camera distance 
plates had extremely low, featureless optical densities, 
so it was decided to remove these from the refinement 
completely, leaving the refinement dependant on a single, 
long-distance, plate. 
Initially the same problems were encountered, but 
after much nudging of the two parameters, at least the 
average ring distance was taking on a sensible value of 
1.328 A. The <NCN angle was, however, still persistently 
very wide, at 138.2°. Any manual lowering of its value 
merely resulted in the average ring bond length shortening 
as before. It was decided to continue with the present 
values in the hope that refining some of the amplitudes of 
vibration might resolve the problem, shown in Table 7.9. 
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The 	first 	amplitude 	to be brought into the 
refinement was u(C-N), tied in the ratio of 1.0 to u(N-N), 
responsible for the main peak on the RDC. This did not 
adversely affect the ring geometry, so the third peak, 
uniquely defined by the 2-bond amplitude u(N. .N), was 
introduced, affecting the system very little. However, the 
introduction of the 2-bond u(N. .C) and 3-bond u(C. .C) 
amplitudes into the refinement, whose distances lie 
underneath the second peak on the RDC, was a disaster, 
throwing the molecular geometry into even more distortion. 
Notwithstanding, it did prove possible to refine its 
shoulder peak, in the form of the 2-bond u(N. .H) 
amplitude.' 
A brief attempt was made to refine the r(C-H) 
parameter. However this was soon abandoned, as its length 
began to rise uncontrollably, and its value reset to that 
initially. After attempting further to explore the 
geometry of the molecule, it appeared to settle down to a 
most surprising structure. Throughout the refinements, the 
average ring distance parameter had gradually risen by 
over 0.04 A to a far more acceptable value of 1.337 A. 
However, the <NCN angle had widened again, to the 
extraordinary value of 139.1°. The final value of RG 
obtained was 11.54 %. The experimental and final 
difference 	molecular scattering curves are shown in 
Fig. 7.9. 
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intensities for 1,2,4,5-tetrazine, at a nozzle-plate dista: 
of 258 mm. 
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Table 7.10. Least squares correlation matrix (xlOO) for 
1,2,4,5-tetrazine. All elements with absolute 
value <20 have been omitted. 
P3 Ui U8 U9 	ki 
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7. 6. LCWIR 
Performing LCNMR on these polyazines was not a 
success. Neither 1,2,3-triazine nor 1,2,4,5-tetrazine 
would dissolve in the liquid crystals. 
1,3,5-triazine partially dissolved, but yielded a 
very broadened spectrum, with no sight of the required 13C 
(or 15N) satellites. An LCNNR study had been done in 
1976(), and so the data from there were used. The 
literature mentioned that vibrational corrections were 
negligible, and so had not calculated any. However, after 
inputing the data and incorporating the appropriate lines 
in the "NODEL.F" file, the refinement proceeded to 
diverge. The LCNMR data were therefore 'removed from the 
refinement. 
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CHAPTER 8 
GAS-PHASE STRUCTURES 
OF 2-CHLOROPYRIDINE, 3-CHLOROPYRIDINE, 
4-CHLOROPYRIDINE AND CHLOROPYRAZ INE 
- 124 - 
8.1. Introduction 
In an effort to examine the diversity of compounds 
whose ring geometries can be accurately predicted by the 
method of superposition( 69 ' 81) 1 outlined in Chapter 6, we 
now examine the three chioropyridines and chioropyrazine, 
and compare the experimental and predicted structures as 
done in Chapter 7. 
Proceeding as before, Fig. 8.1 gives the predictions 
of the superposition schemes for these molecules. 
8.2. Experimental 
The electron diffraction data were collected by the 
general method described in Chapter 1. The samples have 
relatively low volatility, and subsequently had to be run 
at elevated nozzle temperatures of around 390 K. Table 8.1 
gives the experimental information, together with 
weighting functions, correlation parameters and scale 
factors. 
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Fig. 8.1. Prediction of the ring geometries of some polyachiorozines 
from the superposition of distortions. Hydrogens and multi 
bonds are omitted for clarity. 
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Table 8.1. Weighting functions, correlation parameters and 
scaling factors for 2-chioropyridine, 3-chioropyridine 
and 4-chioropyridine 
2-Chi oropyridine 3-Chl oropyridine 
Camera Height / mm 260.0601 95.4600 259.9165 95.4600 
Nozzle Temp / K 387 386 386 387 
/ 	fl-1 0.200 0.400 0.200 0.400 
Smin -i 2.000 8.000 2.000 9.600 
sw1 / A - ' 4.000 10.00 4.000 11.60 
sw2 / 	fl-i 14.00 30.40 14.00 28.80 
Smax I A 16.40 35.60 16.40 34.00 
Correin Parameter 0.4655 0.4016 0.4945 0.3675 
Scale Factor 0.877(13) 0.808(30) 0.851(13) 0.790(25) 
e - X 	/ A 1 0.05682 0.05681 0.05688 0.05681 
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4-Chi oropyridine 
Camera Height / mm 258.6300 95.1540 
Nozzle Temp / K 388 386 
S / A - ' 0.200 0.400 
Smin 2.000 8.000 
sw, I A1 4.000 10.00 
5W2 / A - ' 12.80 30.40 
Smax / A - ' 15.00 35.60 
Correin Parameter 0.4945 0.3753 
Scale Factor 0.893(13) 0.809(28) 
e - )L 	/ 	A 1 0.05682 0.05695 
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8.3. The gas-phase structure of_2-chlopyridine 
The molecule was assumed to be planar, with C 
symmetry. 	There 	are 	½n(n - 1) = 55 	different 
intramolecular 	distances, and 	the 	molecule can be 
described by 	19 independent 	parameters, shown 	in 
Table 8.2. Of these, only eight were able to be 
independently refined; the average N-C, C-C and C-H 
distances, the C-Cl distance, and the <CNC, <NC2C, <C2CC 
and <NCC1 angles. 
The radial distribution curve (RDC) is shown in 
Fig. 8.2, and consists of six distinct peaks. The inner 
one at a distance of 1.38 A is due to the six bonded ring 
distances, r(N-C) and r(C-C). On the left of this, there 
is a shoulder resulting from the four bonded C-H 
distances, at 1.1 A. The peak at 1.75 A corresponds to the 
bonded C-Cl distance. 
The next peak at 2.4 A is made up of the six 2-bond 
N. .0 and C. .0 nonbonded distances. It has a barely 
distinguishable shoulder at 2.1 A, corresponding to the 
eight 2-bond N. .H and C. .H distances. The peak at 2.7 A is 
mainly due to the three 3-bond N. .0 and C. .0 distances and 
the 2-bond N. .Cl distance. The 2-bond C. .C1 distance 
appears at 2.6 A, and falls between these two main peaks. 
The outermost two peaks at 3.9 A and 4.4 A arise from the 
three 3-bond and 4-bond C. .Cl distances respectively. 
There is a slight elevation at 3.4 A, corresponding to the 
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Table 8.2. Molecular parameters for 2-chioropyridifle. 
All distances in A, all angles in degrees. 
P 1 av r(CN) 1.351(2) 
P 2 diff r(CN) 0.000 
P 3 av r(CC) 1.385 
P4 r(C2C)-av r(C3C4+C4C5+CC6) 0.000 
P 5 r(C3C4)-aV r(C4C5+CC6) 0.000 
P 6 r(C4C5)-r(CC6) 0.000 	(fixed) 
P 7 av r(CH) 1.085 
P 8 av r(C3H+C6H)-aV r(C4H+C5H) 0.000 
P 9 r(C3H)-r(CH) 0.000 
PlO r(C4H)-r(CsH) 0.000 
P11 r(CC1) 1.747(3) 
P12 <CNC 115.87(89) 
P13 <NC2C3 126.32(30) 
P14 <C2C3C4 115.05(104) 
P15 <NCC1 120.70(119) 
P16 <C2C3H8 120.00 
P17 <C3C4H9 120.00 	(fixed) 
P18 <C6C5HA 120.00 
P19 <NC6HB 120.00 
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g. 8.2. Observed and final difference radial distribution curve, 
P(r)/r, for 2-chioropyridine. 
eight 3-bond N. .H and C. .H distances. 
The initial parameter values were obtained from 
those predicted by the superposition principle. The 
average N-C and C-C bond distances were set at 1.345 A and 
1.395 A respectively. The average C-H distance was 1.09 A 
and the C-Cl distance 1.735 A. The ring angles <CNC, <NC2C 
and <C2CC were set at 115°, 126° and 117° respectively. 
The initial values of the vibration amplitudes were 
assumed from a consideration of those of pyridine and 
chlorobenzene. In addition, the molecular mecMnics 
program, "MH3 1 '( 94 ), was used to generate vibrational 
amplitudes. Although the absolute values calculated are 
somewhat unrealistic, its important contribution is to 
provide the relative magnitudes of the amplitudes. 
First the C-Cl distance parameter was refined, being 
the only heavy-atom substituent and therefore least 
sensitive to ring angle changes. Then r(CN) and r(CC) were 
introduced, followed by the <CNC and <NC2C angles. It was 
not until the inclusion of the <C7CC angle into the 
refinement that the other parameters changed 
significantly. Its effect on the average ring bond lengths 
was to increase r(CC) to 1.389 A and decrease r(CN) to 
1.350 A. The <NC2C angle widened by 0.5° to 126.90, and 
the ipso- angle <CNC widened by over 1.5° to 116.3°. The 
C-Cl bond length, as expected, was virtually unaffected. 
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At this point amplitudes of vibration were included 
in the refinement, shown in Table 8.3. The first amplitude 
to be introduced was u(C-Cl), as this gives rise to a 
unique, clearly-resolved peak on the RDC at 1.75 A. 
Although this initially gave rise to a rather low 
amplitude of vibration (0.036 A), it was anticipated that 
it would rise during the subsequent refinements of 
additional amplitudes. Its introduction did not affect the 
r(C-Cl) parameter much, so the 3-bond and 4-bond 
amplitudes u(C-Cl) were then both introduced, as they 
themselves give rise to unique peaks at 3.9 A and 4.4 A 
respectively, and so should refine well. These had little 
effect on the parameter values, except perhaps to further 
diverge the ring distances r(C-C) and r(C-N) to 1.393 A 
and 1.345 A respectively. 
Next the amplitudes of the six bonded ring distances 
were refined as a group, by refining u(N-C) and tying the 
others to it in the ratio of 1.0. Its inclusion had a 
marked effect again on the ring length parameters, 
bringing them closer together in value; r(C-C) decreased 
by 0.01 A to 1.383 A and r(N-C) increased by 0.015 A to 
1.362 A. The other parameter affected significantly was 
the <CNC angle, narrowing it by 1.5° to 114.8°. By this 
time the initially rather low amplitude of vibration 
u(C-Cl) had risen to the more realistic value of 0.040 A. 
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Table 8.3. Interatomic distances and amplitudes u 
for 2-chioropyridine. All values in A. 
Distance Amplitude 
d 1 (Ni-C2) 1.348(2) 0.055(2) 
d 2 (C2-C3) 1.383(1) 0.055 
d 3 (C3-C4) 1.383(1) 0.055 
d 4 (C4-05) 1.383(1) 0.055 	(tied to 	u1) 
d 5 (C5-C6) 1.383(1) 0.055 
d 6 (NI-C6) 1.348(2) 0.055 
d 7 (C2-C17) 1.746(3) 0.043(5) 
d 8 (C3-H8) 1.080(1) 0.075 
d 9 (C4-H9) 1.080(1) 0.075 
dlO (C5-I-IiO) 1.080(1) 0.075 	(fixed) 
dli (C6-H11) 1.080(1) 0.075 
d12 (NI. .C3) 2.440(4) 0.053 
d13 (N1..C4) 2.774(19) 0.081(6) 
d14 (Ni. .C5) 2.405(11) 0.053 	(fixed) 
d15 (Ni. .Cl7) 2.696(16) 0.090 	(tied to u13) 
d16 (Ni. .H8) 3.396(4) 0.100 
d17 (Ni. .H9) 3.859(19) 0.100 
d18 (Ni. .HlO) 3.373(8) 0.100 	(fixed) 
d19 (N1. .H11) 2.108(20) 0.105 
d20 (C2. .C4) 2.336(14) 0.053 
d2i (C2. .C5) 2.695(3) 0.081 	(tied to 	u13) 
d22 (C2. .C6) 2.288(13) 0.055 
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d23 (C2. .H8) 2.139(1) 0.105 
d24 (C2. .H9) 3.334(10) 0.100 (fixed) 
d25 (C2. .H1O) 3.779(3) 0.100 
d26 (C2. .H11) 3.284(10) 0.100 
d27 (C3. .C5) 2.416(12) 0.053 
d28 (C3. .C6) 2.760(21) 0.081 (tied to 	u13) 
d29 (C3. .C17) 2.616(17) 0.090 (tied to u13) 
d30 (C3. .H9) 2.139(1) 0.105 
d31 (C3. .H10) 3.405(9) 0.100 (fixed) 
d32 (C3. .H11) 3.844(22) 0.100 
d33 (C4. .C6) 2.374(3) 0.053 
d34 (C4..C17) 3.900(14) 0.115(6) 
d35 (C4. .H8) 2.190(10) 0.105 
d36 (C4. .H10) 2.159(24) 0.105 (fixed) 
d37 (C4. .H11) 3.341(8) 0.100 
d38 (C5..C17) 4.440(2) 0.089(8) 
d39 (C5. .H8) 3.424(15) 0.100 
d40 (C5. .H9) 2.122(11) 0.105 (fixed) 
d41 (C5. .H11) 2.105(11) 0.105 
d42 (C6. .C17) 3.921(13) 0.115 (tied to u34) 
d43 (C6. .H8) 3.842(21) 0.100 
d44 (C6. .H9) 3.352(8) 0.100 
d45 (C6. .H10) 2.139(1) 0.105 
d46 (C17. .H8) 2.686(27) 0.140 
d47 (C17. .H9) 4.760(16) 0.110 
d48 (C17..H10) 5.525(2) 0.110 
d49 (C17..H11) 4.807(15) 0.110 (fixed) 
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d50 (H8. .H9) 2.541(17) 0.150 
d51 (H8..H1O) 4.342(13) 0.120 
d52 (H8..H11) 4.927(21) 0.110 
d53 (H9. .1-nO) 2.467(17) 0.150 
d54 (H9. .H11) 4.224(6) 0.120 
d55 (H10. .H11) 2.409(17) 0.150 
MW Data 	Obs. value Caic. value Difference Uncertainty Weight 
rot(A) 5870.91000 5870.08921 0.82079 1.00000 0.11362 
rot(B) 1637.36000 1637.19751 0.16249 1.00000 0.11362 
rot(C) 1280.26000 1280.15564 0.10436 1.00000 0.11362 
rot(A)37 5869.30000 5870.08221 -0.78221 1.00000 0.11362 
rot(B)37 1591.30000 1591.11844 0.18156 1.00000 0.11362 
rot(C)37 1251.95000 1251.80872 0.14128 1.00000 0.11362 
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By this time the RG-factor had decreased steadily to 
14.92 %. It was then decided to introduce rotation 
constants, obtained from microwave (NW) spectroscopy( 96 ). 
Six were introduced, three of which corresponded to the 
35 C1 isotopic species, and three to the 3 Cl isotopomer. 
These had to be vibrationally corrected, using the 
molecular mechanics program "NN3". Table 8.14 gives the 
experimental and vibrationally-corrected values. 
The refinement was switched from an ra to an r 0 
structure determination. Initially the RG-factor rose to 
17.34 % upon inclusion of the non-ED data. The ring 
distance parameters converged to a value of 1.374 A. In 
order to maintain them at reasonable values, r(C-C) was 
fixed at 1.385 A and r(N-C) allowed to refine, then the 
latter fixed while refining the former, and so on. However 
both parameters would not refine simultaneously. The only 
other parameter to change significantly was the <C2CC bond 
angle, closing by 1.2° to 114.00. Interestingly, it was 
this parameter which had remained relatively constant 
throughout the refinement up to this point. 
An attempt was made to refine the 2-bond amplitudes 
of vibration u(N. .C) and u(C. .C), responsible for the peak 
on the RDC at 2.4 A. This was achieved by allowing 
u(N. .C3) to refine, with the other five kept constrained 
to it in the ratio of 1.0. In addition to the 3-bond 
amplitudes, the 2-bond amplitudes u(N. .Cl) and u(C3. .Cl) 
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were also constrained to it, in the ratio of 0.9. This was 
successful, as the RG-factor dropped by almost 2 % to 
13.61 %. Although this had little effect on the parameter 
values, it increased the amplitudes u(N-C2) and u(C2. .Cl) 
to the more acceptable values of 0.054 A and 0.042 A 
respectively, which had both been steadily decreasing up 
to that point. 
The substituent angle parameter <NCC1 was then 
introduced into the refinement, which immediately opened 
out from 1200 to 121.2°. This was accompanied by very 
little other geometrical change, but the error was very 
large, over ±1°. 
It is interesting to note that, throughout the 
refinement, the value of the r(C-Cl) parameter remained 
relatively constant, in the range 1.742 A and 1.743 A. 
Finally an attempt was made to refine the C-H bond 
distance. However its value increased to unrealistic 
values of 1.12 A, and so was reset to 1.085 A. Similarly, 
no attempt was made to refine the NCH and CCH angles. The 
final value of RG obtained was 12.63 %. The experimental 
and final difference molecular scattering curves are shown 
in Fig. 8.3. 





ig. 8.3. Observed and final weighted difference molecular scatte: 
intensities for 2-chloropyridine, at nozzle-plate dista: 
of a) 258 and b) 96mm. 
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Table 8.4. Least squares correlation matrix (xiOO) for 
2-chloropyridine. All elements with absolute 
value <30 have been omitted. 
P11 P12 P13 P14 P15 Ui 	u7 u13 u34 u38 kl k2 
-55 	 -40 P1 
54 P11 
-85 P12 
-61 -34 36 	30 P13 
P14 
-87 -33 P15 
34 	30 	31 40 77 Ui 
44 u7 
30 40 u13 
30 39 u34 
u38 
kl 




































8.4. The gas-phase structure of_3-chlopydine 
As for 2-chioropyridine, the molecule was assumed to 
be planar, with C symmetry, with 55 different 
intramolecular distances and 19 independent parameters, 
shown in Table 8.5. Again, only eight parameters were able 
to be independently refined; the average N-C, C-C and C-H 
distances, the C-Cl distance, and the <CNC, <NC7C, <C2CC 
and <C2CC1 angles. 
The radial distribution curve is shown in Fig. 8.5, 
and is very similar to that before. The features 
correspond to the same intramolecular distances, with two 
major exceptions. It is the 2-bond C. .Cl distance which 
falls under the peak at 2.75 A, and the 3-bond N. .Cl 
distance at 4.0 A. 
The initial bond length parameter values were the 
same as above. The ring angles <CNC and <NC2C were set at 
those predicted by the superposition principle, of 116° 
and 123° respectively. The initial values of the vibration 
amplitudes were assumed from a consideration of those of 
pyridine, chlorobenzene and those calculated from the 
program "MM3" (94) 
First the C-Cl distance parameter was refined, then 
r(CN) and r(CC) were introduced. Then the internal angles 
<CNC, <NC2C and <C2CC were one at a time allowed to 
refine. At this stage the values of the ring distance 
parameters r(N-C) and r(C-C) gradually began to diverge 
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Table 8.5. Molecular parameters for 3-chioropyridine. 
All distances in A, all angles in degrees. 
P 1 av r(CN) 1.349(1) 
P 2 diff r(CN) 0.000 	(fixed) 
P 3 av r(CC) 1.391(1) 
P4 r(C2C)-av r(C3C4+C4C5+C5C6) 0.000 
P5 r(C2C)-r(C3C4) 0.000 	(fixed) 
P6 r(C4CS)-r(C5Cb) 0.000 
P 7 av r(CH) 1.084(7) 
P 8 r(C4H)-av r(C5H+C6H+C2H) 0.000 
P 9 r(C4H)-r(C2H) 0.000 	(fixed) 
PlO r(CsH)-r(CH) 0.000 
P11 r(CC1) 1.737(2) 
P12 <CNC 118.37(73) 
P13 <NC2C 121.39(78) 
P14 <C2CC 121.10(34) 
P15 <C2CC1 115.58(63) 
P16 <C3CH8 120.00 	(fixed) 
P17 <C6C5H9 120.00 	(fixed) 
P18 <NC6H1O 120.00 	(fixed) 
P19 <NC2H11 120.00 	(fixed) 
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F1g._8.5. Observed and final difference radial distribution curve, 
P(r)/r, for 3-chioropyridine. 
from one another. They were allowed to go to 1.33 - A and 
1.40 A respectively before they were manually edged back to 
reasonable values. At the same time, the ring angles were 
converging to 120 0 . However it was decided to leave these as 
they were, to determine where the system would naturally 
refine to. 
At this point amplitudes of vibration were included 
in the refinement, shown in Table 8.6. Again, the first 
amplitude to be introduced was u(C-Cl), producing a rather 
low amplitude of vibration. The 3-bond and 4-bond u(C. .Cl) 
amplitudes were then both introduced, followed by the 
group of the six bonded ring distances, by refining u(N-C) 
and tying the others to it in the ratio of 1.0. Then the 
2-bond vibrational amplitudes u(N. .C) and u(C. .C) 
responsible for the peak at 2.4 A were refined as a group 
in the ratio of 1.0 with u(N. .C3). Finally, the 
neighbouring peak at 2.75 A was brought into the 
refinement by allowing the 2-bond amplitude u(C2. .Cl) to 
refine, fixed in the ratio of 1.0 with u(C4. .Cl) and 1.08 
with u(N..C) and u(C. .C). 
By this time the RG-factor had decreased steadily to 
11.29 %. Six rotation constants, obtained from microwave 
spectroscopy ( 7) , were introduced, again three for each 
isotope of chlorine, and were vibrationally corrected. 
Table 8.14 gives the experimental and 
vibrational ly-correcte d values. 
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Table 8.6. Interatomic distances and amplitudes u 
for 3-chioropyridine. All values in A. 
d 1 (Ni-C2) 
d 2 (C2-C3) 
d 3 (C3-C4) 
d 4 (C4-05) 
d 5 (C5-C6) 
d 6 (N1-C6) 
d 7 (C2-Hli) 
d 8 (C3-C17) 
d 9 (C4-H8) 
dlO (C5-H9) 
dii (C6-H10) 
d12 	(Ni. .C3) 
d13 	(Ni. .C4) 
d14 	(Ni. .C5) 
d15 	(Ni. .Hl1) 
d16 	(Ni. .C17) 
d17 	(Ni. .H8) 
d18 	(Ni. .H9) 
d19 	(Ni. .H10) 
d20 	(C2. .C4) 
d21 	(C2. .C5) 


































0.083 (tied to u 7) 
0.083 
0.060(4) 
0.044 (tied to u23) 






0.060 (tied to u12) 
0.044 (tied to u23) 
0.060 (tied to u12) 
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d23 (C2..C17) 2.653(9) 0.048(12) 
d24 (C2. .H8) 3.398(7) 0.120 
d25 (C2. .H9) 3.814(17) 0.120 (fixed) 
d26 (C2..H1O) 3.302(15) 0.120 
d27 (C3. .C5) 2.367(8) 0.060 (tied to 	u12) 
d28 (C3. .C6) 2.714(4) 0.044 (tied to 	u23) 
d29 (C3..H11) 2.130(9) 0.100 
d30 (C3. .H8) 2.145(6) 0.100 (fixed) 
d31 (C3..H9) 3.357(13) 0.120 
d32 (C3. .H1O) 3.795(9) 0.120 
d33 (C4. .C6) 2.410(14) 0.060 (tied to 	u12) 
d34 (C4. .H11) 3.388(8) 0.120 (fixed) 
d35 (C4. .C17) 2.758(11) 0.048 (tied to 	u23) 
d36 (C4. .H9) 2.143(10) 0.100 
d37 (C4. .H10) 3.373(15) 0.120 (fixed) 
d38 (C5..H11) 3.815(17) 0.120 
d39 (CS. .C17) 4.009(6) 0.072 (tied to 	u16) 
d40 (C5..H8) 2.180(12) 0.100 
d4]. (C5. .H10) 2.120(9) 0.100 (fixed) 
d42 (C6..H11) 3.302(15) 0.120 
d43 (C6..C17) 4.444(4) 0.102(8) 
d44 (C6. .H8) 3.411(17) 0.120 
d45 (C6. .H9) 2.145(6) 0.100 
d46 (H11. .C17) 2.726(25) 0.120 
d47 (H11..H8) 4.273(12) 0.130 
d48 (Hil. .}!9) 4.898(21) 0.150 
d49 (Hil. .H10) 4.206(20) 0.130 (fixed) 
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d50 (C17..H8) 2.928(18) 0.120 
d51 (C17. .H9) 4.898(11) 0.100 
d52 (Cl7..Hl0) 5.528(8) 0.120 
d53 (H8. .H9) 2.522(8) 0.120 
d54 (H8. .H1O) 4.293(20) 0.130 
d55 (H9..H1O) 2.431(12) 0.120 
MW Data 	Obs. value Caic. value Difference Uncertainty Weight 
rot(A) 5837.66000 5838.20941 -0.54941 0.50000 0.26031 
rot(B) 1603.68800 1603.77705 -0.08905 0.20000 1.62694 
rot(C) 1258.11100 1258.15686 -0.04586 0.20000 1.62694 
rot(A)37 5838.26400 5838.20270 0.06130 0.50000 0.26031 
rot(C)37 1230.52800 1230.04288 0.48512 0.20000 1.62694 
rot(B)37 1558.90300 1558.37469 0.52831 0.20000 1.62694 
- 148 - 
After switching the refinement from an r a to an r 
structure determination, again the RG-factor rose upon 
inclusion of the non-ED data, reaching 17.34 %. The ring 
angle <C2CC was tending towards 122°, and was therefore 
reset to a value of 119.5° and fixed. However, the ipso-
and ortho- angles <CNC and <NC2C stopped their convergence 
and took on more reasonable values of 118.9° and 121.9° 
respectively. 
It also now became possible to refine the average 
r(C-H) parameter without it becoming too long, as it had 
previously tended to do. Owing to its well-behaved 
refinement, its amplitude of vibration was also 
introduced, by refining u(C-H) and constraining the others 
in the ratio of 1.0. This appeared to have little effect 
on the overall molecular geometry, so the substituent 
angular parameter <C2CC1 was brought into the refinement 
as well. This did have a marked effect; the average bonded 
ring distances converged a little by +0.007 A to 1.335 A 
and by -0.003 A to 1.395 A respectively. The ring angles 
<CNC and <NC2C diverged by -1.2° to 117.6° and by +0.9° to 
122.8° respectively. Both these changes led to a more 
realistic ring geometry. The <C2CC1 angle achieved these 
changes by closing from hexagonal 120° to 116.1°. It also 
increased some of the vibration amplitudes, notably that 
of the average ring bonded distance by 0.005 A to 0.040 A, 
a more reasonable value. 





ig. 8.6. Observed and final weighted difference molecular scatte 
intensities 	3-chloropyridine, at nozzle-plate distai 
of a) 258 and b) 96mm. 
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Table 8.7. Least squares correlation matrix (xlOO) for 
3-chioropyridine. All elements with absolute 
value <40 have been omitted. 
P3 P7 P11 P12 P13 P14 P15 ul u7 u8 u12 u16 u23 u43 ki k2 
-96 	 -41 	 76 	 58 43 	 P1 
	
-74 	 -58 -41 	 P3 
59 
























































Finally, the 	ring 	angle 	parameter <C2CC was 
re-introduced into the refinement and again took on an 
angle wider than that of the hexagonal 1200, at 121.10. As 
before, it is interesting to note that, throughout the 
refinement, the value of the r(C-Cl) parameter remained 
remarkably constant, staying within the range 1.725 A to 
1.739 A. The final value of RG obtained was 11.05 %. The 
experimental and final difference molecular scattering 
curves are shown in Fig. 8.6. 
8.5. The gas-phase structure of_4-chioropyridine 
As for the other chioropyridines, the molecule was 
assumed to be planar. However the mirror plane through 
nitrogen and chlorine gives it a C21 symmetry, with 31 
different intramolecular distances and 10 independent 
parameters, shown in Table 8.8. Only four parameters were 
able to be independently refined; the average C-C 
distance, the C-CI distance, and the <CNC and <NCC angles. 
The radial distributi on curve is shown in Fig. 8.8, 
and is very similar to those before. The features 
correspond to the same intramolecular distances as 
2-chioropyridine, with two exceptions. There is only a 
single 2-bond C. .CI distance which falls under the peak at 
2.7 A, and it is the 4-bond N. .Cl distance which gives a 
peak at 4.5 A. 
- 153 - 
Table 8.8. Molecular parameters for 4-chioropyridine. 
All distances in A, all angles in degrees. 
P 1 r(CN) 
P 2 av r(CC) 
P 3 diff R(CC) 
P 4 <CNC 
P 5 <NCC 
P 6 av r(CH) 
P 7 diff r(CH) 
p 8 r(CC1) 
















Fig. 8.8. Observed and final difference radial distribution curve, 
P(r)/r, for 4-chloropyridine. 
The initial bond length parameter values were the 
same as above. The ring angles <CNC and <NCC were set at 
those predicted by the superposition principle, of 116° 
and 124.5° respectively. The initial values of the 
vibration amplitudes were assumed from a consideration of 
those of pyridine, chlorobenzene and those calculated from 
the program "NM3" ( 9 4) 
First the C-Cl distance parameter was refined, 
followed by r(C-C). Then the internal angles <CNC and <NCC 
were one at a time allowed to refine. This increased 
r(C-C) by 0.004 A to 1.395 A, and r(C-Cl) by 0.008 A to 
1.742 A. Additionally, the CNC angle parameter itself 
widened by almost 1° to 116.9°, but the <NCC angle 
remained unchanged. Adding r(C-C) into the refinement had 
the effect of narrowing the <NCC angle. 
At this point amplitudes of vibration were included 
in the refinement, shown in Table 8.9. Again, the first 
amplitude to be introduced was u(C-CI), producing a rather 
low amplitude of vibration. The 3-bond and 4-bond u(C. .Cl) 
amplitudes were then both introduced, still having little 
effect on the molecular structure. However when the group 
of the six bonded ring distances was introduced, by 
refining u(N-C) and tying the others to it in the ratio of 
1.0, the geometry of the ipso- region changed drastically. 
The average bonded ring distances began to diverge, and 
the <CNC angle rose further to 117.7°. 
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Table 8.9. Interatomic distances and amplitudes u 
for 4-chloropyridine. All values in A. 
Distance Amplitude 
d 1 (N1-C2) 1.337(5) 0.045 
d 2 (C2-C3) 1.399(3) 0.045 	(fixed) 
d 3 (C3-C4) 1.399(3) 0.045 
d 4 (C2-Hi0) 1.090(1) 0.081(15) 
d 5 (C3-H11) 1.090(1) 0.081 	(tied to u 4) 
d 6 (C4-C17) 1.746(4) 0.042(5) 
d 7 (Ni. .C3) 2.426(5) 0.046(6) 
d 8 (Ni. .C4) 2.772(8) 0.075 	(tied to u21) 
d 9 (Ni. .1110) 3.391(4) 0.100 	(fixed) 
diO (Ni..Hll) 2.105(4) 0.105 	(fixed) 
dii (Ni..C17) 4.518(7) 0.098(9) 
d12 (C2. .C4) 2.368(5) 0.046 	(tied to u 7) 
d13 (C2. .C5) 2.747(6) 0.075 	(tied to u21) 
d14 (C2. .C6) 2.282(9) 0.046 	(tied to u 7) 
d15 (C2. .H11) 2.161(2) 0.105 	(fixed) 
d16 (C2..C17) 3.987(4) 0.096(5) 
d17 (C2. .H8) 3.835(6) 0.100 	(fixed) 
d18 (C2. .H9) 3.281(8) 0.100 	(fixed) 
d19 (C3. .C5) 2.449(9) 0.046 	(tied to u 7) 
d20 (C3. .H10) 2.108(5) 0.105 	(fixed) 
d2i (C3..C17) 2.715(3) 0.080(3) 
d22 (C3. .H8) 3.458(10) 0.100 
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d23 (C3. .H9) 3.836(6) 0.100 
d24 (C4. .H1O) 3.338(6) 0.100 
d25 (C4. .H11) 2.207(6) 0.105 	(fixed) 
d26 (H10. .H11) 2.408(7) 0.150 
d27 (H1O..C17) 4.822(6) 0.110 
d28 (H10. JiB) 4.925(6) 0.110 
d29 (H10. .H9) 4.196(8) 0.120 
d30 (Hil. .C17) 2.930(7) 0.179 	(tied to 	u21) 
d31 (Hil. .H8) 4.398(13) 0.120 	(fixed) 
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Next the peak at 2.75 A was brought into the 
refinement by allowing the 2-bond amplitude u(C. .Cl) to 
refine, fixed in the ratios of 1.08 with u(N. .C) and 
u(C. .C), and 0.45 with u(Cl. .H8). However, the amplitude 
of vibration of the average bonded ring distances was 
dropping to a very low 0.021 A. In addition, the bonded 
ring parameters r(N-C) and r(C-C) were still diverging, 
and once they reached values of 1.32 A and 1.41 A 
respectively they were reset to their starting values. 
After much nudging of parameters and amplitudes already 
refining, the system settled back to where it was before. 
This time, the bonded ring amplitudes were reset to their 
initial values and the u(C-CH) amplitude was introduced. 
This had a very favourable effect on the structure, at 
last converging r(N-C) and r(C-C) to much nearer their 
original values. Also, the ipso- angle <CNC closed by 
almost 1° to 117.2°. As before, it is interesting to note 
that, throughout the refinement, the value of the r(C-Cl) 
parameter remained remarkably constant, staying within the 
range 1.736 A to 1.746 A. This led to an RG-factor of 
14.54 %. 
Six rotation constants, obtained from microwave 
spectroscopy( 98 ), were introduced, again three for each 
isotope of chlorine, and were vibrationally corrected. 
Table 8.14 gives the experimental and 
vibrationally-corrected values. 




'ig. 8.9. Observed and final weighted difference molecular scatte 
intensities Jr 4-chloropyridine, at nozzle-plate dista 
of a) 258 and b) 96mm. 
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Table 8.10. Least squares correlation matrix (xlOO) for 
4-chioropyridifle. All elements with absolute 
value <20 have been omitted. 
P2 	P4 	P5 	P8 	u4 	u6 	u7 ull u16 u21 ki 	k2 
-70 -28 -28 	23 -35 -49 -27 -67 P1 
48 	 25 21 	28 60 P2 
-76 	 40 22 P4 







24 	57 u21 
24 k1 































However, after switching the refinement from an ra 
to an ra structure determination, the refinement became 
extremely unstable. Distances and angles became 
unrealistic and ESD's increased dramatically, resulting in 
an irretrievable rise of the RG-factor, to well beyond 
unity. Theoretical rotation constants were being 
calculated to very poor agreement with the experimental 
data, suggesting possible errors in the latter. It was not 
possible, therefore, to produce an r c, structure from the 
addition of MW data. The experimental and final difference 
molecular scattering curves are shown in Fig. 8.9. 
8.6. The gas-phase structure of chioropyrazine 
As for 2- and 3-chloropyridine, chioropyrazine was 
assumed to be planar, with C symmetry. It has 45 
different intramolecular distances and 19 independent 
parameters, shown in Table 8.11. Again, only eight 
parameters were able to be independently refined; the 
average N-C, C-C and C-H distances, the C-Cl distance, and 
the <CN1C, <N1C2C, <CCN and <NCC1 angles. 
The radial distribution curve is shown in Fig. 8.11, 
and is very similar to those before. The features 
correspond to the same intramolecular distances, with a 
few exceptions. The 3-bond N. .N distance occurs at 2.85 A, 
and the 3-bond N. .Cl distance at 4.0 A. 
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Table 8.11. Molecular parameters for chloropyrazine. 
All distances in A, all angles in degrees. 
P 1 av r(CC) 1.375(1) 
P 2 diff r(CC) 0.000 	(fixed) 
P 3 av r(CN) 1.344(1) 
P 4 r(N1C2)-av r(C3N4+N4C5+C5C) 0.000 
P5 r(N1C6)-av r(C3N4+N4C5) 0.000 	(fixed) 
P6 r(C3N)-r(C5N) 0.000 
P 7 av r(CH) 1.074(1) 
P 8 r(C3H)- av r(C5H+C 6 H) 0.000 	(fixed) 
P 9 r(C5H)-r(C6H) 0.000 	(fixed) 
PlO r(CC1) 1.742(1) 
P11 <CN1C 114.01(47) 
P12 <N1C2C 124.09(57) 
P13 <C2C3N 121.33(96) 
P14 <NCC1 120.38(273) 
P15 <C2C3H 120.00 
P16 <C 6 C5H 120.00 	(fixed) 
P17 <N1C6H 120.00 
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Fig. 8.11. Observed and final difference radial distribution curve, 
P(r)/r, for chioropyrazine 
ON 
(-'I 
The initial bond length parameter values were the 
same as above. The ring angles <CN1C, <N1C2C and <C2CN 
were set at those predicted by the superposition 
principle, of 114.5°, 124° and 122.5° respectively. The 
initial values of the vibration amplitudes were assumed 
from a consideration of those of pyridine, chlorobenzene 
and those calculated from the program "NM3"( 94 ). 
First the C-Cl distance parameter was refined, then 
r(N-C) and r(C-C) were introduced. However, the two ring 
bonded parameters would not initially refine 
simultaneously, and converged almost to the point of 
swapping over. Instead, r(N-C) was reset to its original 
value and r(C-C) was allowed to refine, then the former 
was allowed to refine with the latter set constant. This 
oscillation was tentatively continued throughout the early 
stages of the refinement. The internal angles <CN1C and 
<N1C2C were allowed to refine, but the introduction of the 
third internal ring angle <C2CN did not prove successful; 
it soon took values narrower than hexagonal, and had to 
be reset. 
At this point amplitud ?S of vibration were included 
in the refinement, shown in Table 8.12. Again, the first 
amplitude to be introduced was u(C-Cl), followed by the 
3-bond and 4-bond u(C. .Cl) amplitudes. The group of the 
six bonded ring distances was brought in, by refining 
u(N1-C2) and tying the others to it in the ratio of 1.0. 
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Table 8.12. Interatomic distances and amplitudes u 
for chloropyrazifle. All values in A. 
d 1 (Ni-C2) 
d 2 (C2-C3) 
d 3 (C3-N4) 
d 4 (N4-05) 
d 5 (C5-C6) 
d 6 (Ni-C6) 
d 7 (C2-C17) 
d 8 (C3-H8) 
d 9 (C5-H9) 
diO (C6-Hi0) 
dli 	(Ni. .C3) 
d12 	(Ni. .N4) 
d13 	(Ni. .C5) 
d14 	(Ni. .C17) 
d15 	(Ni. .H8) 
d16 	(Ni. .H9) 
d17 	(Ni. .Hi0) 
d18 	(C2. .N4) 
d19 	(C2. .C5) 
d20 (C2. .C6) 
d2i 	(C2. .H8) 














2.384(6) 0.050 	(tied to uli) 
2.685(38) 0.089 	(tied to u12) 
3.358(10) 0.100 
3.346(10) 0.100 	(fixed) 
2.098(9) 0.105 
2.370(9) 0.050 	(tied to uii) 
2.631(6) 0.080 (tied to u12) 
2.255(6) 0.050 	(tied to till) 
2.126(9) 0.105 
3.704(11) 0.100 	(fixed) 
- 167 - 
d23 (C2. .H].0) 3.248(10) 0.100 
d24 (C3. .C5) 2.269(8) 0.050 (tied to ull) 
d25 (C3. .C6) 2.663(12) 0.080 (tied to u12) 
d26 (C3. .C17) 2.643(38) 0.089 (tied to u12) 
d27 (C3. .H9) 3.241(13) 0.100 (fixed) 
d28 (C3. .H10) 3.735(13) 0.100 (fixed) 
d29 (N4. .C6) 2.388(5) 0.050 (tied to ull) 
d30 (N4..C17) 3.921(22) 0.101(5) 
d31 (N4. .H8) 2.084(11) 0.105 
d32 (N4. .H9) 2.067(10) 0.105 (fixed) 
d33 (N4. .H10) 3.331(8) 0.100 
d34 (C5..C17) 4.369(4) 0.103(9) 
d35 (C5. .H8) 3.251(14) 0.100 (fixed) 
d36 (C5. .H10) 2.099(10) 0.105 (fixed) 
d37 (C6. .C17) 3.891(25) 0.101 (tied to u30) 
d38 (C6. .H8) 3.736(13) 0.100 (fixed) 
d39 (C6. .H9) 2.126(9) 0.105 (fixed) 
d40 (C17. .H8) 2.738(60) 0.178 (tied to u12) 
d4]. (C17..H9) 5.442(10) 0.110 
d42 (C17. .H10) 4.777(38) 0.110 
d43 (H8. .H9) 4.135(21) 0.120 (fixed) 
d44 (H8. .H10) 4.808(20) 0.110 
d45 (H9. .Hl0) 2.407(13) 0.150 
NW Data 	Obs. value Caic. value Difference Uncertainty Weight 
rot(A) 6039.46300 6037.56805 1.89495 1.00000 	0.09655 
rot(B) 1663.52000 1663.48325 0.03675 0.10000 	9.65474 









rot(C) 1304.35500 1304.15874 0.19626 
rot(A)37 6039.12400 6037.52060 1.60340 
rot(B)37 1616.02900 1615.87294 0.15606 
rot(C)37 1274.97300 1274.71116 0.26184 
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Then the 2-bond vibrational amplitudes u(N. .C) and 
u(C. .C) responsible for the peak at 2.4 A were refined as 
a group in the ratio of 1.0 with u(N. .C3). This had very 
little effect on the overall geometry of the molecule, so 
the group of 2-bond amplitudes u(C. .Cl), u(N. .Cl) and 
3-bond u(C-C) was introduced, still with negligible 
molecular distortion. The r(C-H) parameter, together with 
its amplitude of vibration, was introduced, but the r(C-H) 
distance soon began to lengthen too much, so they ha'-to 
be reset. However, it was now possible to refine both the 
parameters r(N-C) and r(C-C) independently. This also 
served to widen the <CN1C angle to 114.40, which had 
narrowed a little too much. 
By this time the RG-factor had decreased steadily to 
10.67 %. Six rotation constants, obtained from microwave 
spectroscopy ( '), were introduced, again three for each 
isotope of chlorine, and were vibrationally corrected. 
Table 8.14 gives the experimental and 
vibrational ly-correcte d values. 
After switching the refinement from an ra to an r 0 
structure determination, again the RG-factor rose upon 
inclusion of the non-ED data, reaching 15 %. The ring 
angle <CN1C dropped back down to 114.0° and the r(C-C) 
distance shortened by 0.007 A to 1.374 A. The substituent 
angular parameter <C2CC1 was now able to be refined, but 
its huge ESD gave its small deviation from the hexagonal 
- 170 - 
I 
(ck) 
a) 258 and b) 96mm. 
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(L2) 
Fig. 8.12. Observed and final weighted difference molecular scatteri 
intensities for chioropyrazine, at nozzle-plate distances 
Table 8.13. Least squares correlation matrix (xlOO) for 
chloropyrazine. All elements with absolute 
value <40 have been omitted. 
P3 	P7 PlO P11 P12 P13 P14 Ui u7 uli u12 u30 u34 	ki 	k2 
-96 	 48 -74 -60 -62 69 	 P1 
-54 65 56 62 -66 	 P3 
-55 50 
-85 -74 	 59 













































little credance. As before, it is interesting to note that, 
throughout the refinement, the value of the r(C-Cl) 
parameter remained remarkably constant, staying within the 
range 1.742 A to 1.752 A. The final value of RG obtained was 
11.41 %. The experimental and final difference molecular 
scattering curves are shown in Fig. 8.12. 
8.7. LCNNR 
As with the polyazines, performing LCNMR on the 
chioropyridines and chloropyrazine was not a success. 
3-chioropyridine did not dissolve in the liquid crystals, 
and 4-chioropyridine reacted during the course of the NMR 
experiment. 
Chloropyrazine 	and 2-chioropyridine did produce 
spectra, but they were highly complex, and the lines were 
broadened due to the quadrupolar 14 N. The current version 
of the LCNMR analysis program, "LEQUOR"('°°), was employed 
to try to obtain the couplings required. This relies on 
the ability to assign the peaks obtained. However, due to 
the molecules' low symmetry (C e.), three orientation 
parameters are needed to describe its geometry, leading to 
a three-dimensional problem. Therefore it was found to be 
impossible to assign the peaks due to the complexity of 
the spectra. Hence the use of LCNMR couplings was 
abandoned. 
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CHAPTER 9 
CONCLUSIONS AND FURTHER WORK 
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9.1 The triazines and tetrazine 
Overall, 1,2,3-triazine and 1,2,4,5-tetrazine gave 
poor quality ED data. The samples were possibly not very 
pure, and they had to be run at high nozzle temperatures. 
These reasons may have contributed to some plates of very 
low optical density, several of which had to be discarded 
before the data reduction process. 
The ring bond length of benzene is 1.397 A. The 
average ring bond length for pyridine is 1.378 A, and for 
the diazines pyridazine, pyrimidine and pyrazine, these 
values are 1.366(2) A, 1.358(2) A and 1.382(4) A 
respectively. Hence the addition of a nitrogen heteroatom 
into the ring causes a decrease in the average ring bond 
length, first by 0.02 A and then by 0.01 A. The values 
found for 1,2,3-triazine and 1,3,5-triazine are 1.353(1) A 
and 1.338(1) A respectively, and for 1,2,4,5-tetrazine is 
1.337(3) A. These values generally agree well with this 
general trend. 
In 1,2,3-triazine, the <NNN and <NNC bond angles of 
124.9(2) 0 and 118.30° respectively agree well with the 
predicted values of 125.3° and 118.5° from superposition, 
differing by less than half of a degree. These values 
reflect the fact that, although the lone pair at the ipso-
nitrogen tries to narrow the <NNN angle and widen the <NNC 
angles, this effect is more than cancelled out by the two 
ortho- nitrogens, each exhibiting the opposite effect, 
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i.e. the three are in competition. 
However, the refined structure gives values for the 
<NCC and <CCC angles in direct contradiction from those 
expected from superposition: 117.5° and 123.5°, compared 
with 121.5° and 114.7° respectively. A possible 
contributory factor is the unusually short r(C-C) value of 
1.373(1) A obtained. 
The refinement of 1,3,5-triazine gave a ring angular 
deviation from the hexagonal of less than predicted, but 
it still remains one of the most highly distorted species 
of its type, with <CNC and <NCN angles of 114.1(1)° and 
125.9(1)0 respectively. In comparison,a crystal structure 
determination( 101 ) gave values of 113.. ° and 12&8 o 
respectively. 
The refinement of 1,2,4,5-tetrazine gave a highly 
dubious geometry. The nitrogens should certainly force the 
<NCN angle to be wider than hexagonal, but not to the same 
extent as 1,3,5-triazine; here the nitrogens are ortho- to 
one another, so will tend to cancel out each other's 
distortion effects. Thus the value obtained of 139.1(5)0 
seems impossibly wide. However it must be remembered that 
the refinement was done on a single plate at the long 
camera distance only. In addition, a crystal structure 
determination( 102 ) gave a value of 127.37°, giving further 
doubt to the validity of the value determined here. 
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9.2. The chioropyridines and chioropyrazine 
4-chioropyridine 	is 	very 	moisture- 	and 
air-sensitive; this is why only the chloride salt was able 
to be purchased. Although its purity was checked, by the 
time the sample had been placed in the diffraction 
apparatus and heated, it had discoloured quite badly. This 
is possibly reflected in the fact that the pyridine would 
not refine with the MW data. 
Generally chloropyrazine and the chioropyridines 
gave refined structures quite well predicted from 
superposition. Because the effect of the chlorine is 
considerably less than the that of the nitrogen, the 
structures resemble the unsubstitute 1 heteroaromatics more 
than they do the chlorobenzenes. 
The 	structure 	of chloropyrazine was the best 
predicted. The chlorine is ortho- to one nitrogen and 
meta- to the other, giving rise to little distortion from 
the structure of pyrazine. 
Surprisingly, the 	structure of 3-chioropyridine 
differed most from the predicted, where most angles were 
2o out. Being meta- to the nitrogen, the chlorine should 
tend to cancel out the effect of the nitrogen. However, it 
seems to exert more influence on the ring geometry than 
expected. 
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2-chioropyridine and 4-chloropyridine gave fairly 
good agreement between their experimental and predicted 
geometries. In both cases the chlorine is ortho- or para-
to the nitrogen, and so should interact constructively. 
Again, when there was disagreement between the structures, 
the geometry seemed to distort in favour of the chlorine. 
Particularly noticeable was 2-chioropyridine: the angle 
<C3C4C5, para- to the nitrogen, was found to be 
121.6(11) 0 , over 2° wider than predicted. In the case of 
4-chioropyridine, the same angle <C3C4C5 was 1.3° wider 
than expected. Again this can be attributed to a 
distortion power of chlorine higher than predicted. 
It is interesting to note that the C-Cl distance was 
found to be, remarkably similar in 2-chloropyridine and 
4-chloropyridine, 1.747(3) A and 1.746(3) A respectively. 
However it is undeniably different in 3-chioropyridine, 
1.737(2) A. This is very possibly a direct consequence of 
the competing distortion effects between the nitrogen and 
the chlorine, which is constructive in the former and 
destructive in the latter. Hence for 3-chioropyridine, the 
interference is destructive; the ring geometry is closer 
to the hexagonal, and the C-Cl bond length is nearer to 
that in chlorobenzene, 1.739(3) A. The C-Cl bond length in 
chloropyrazine, 1.742(1) A is intermediate between thee 
values, reflecting the fact that the chlorine has a 
nitrogen both ortho- and meta- to it. 
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9.3. General conclusions 
It has been seen that the method of superposition of 
distortions in a substituted benzene ring, described in 
Chapter 6, may be applicable in describing those in a 
heteroaromatic ring as well. 
When considering nitrogen as the heteroatom, it is 
evident that the rules can break down when predicting 
severe deviations from the hexagonal. Because nitrogen has 
a considerably higher tendency to distort than chlorine, 
this suggests that, for polyheteroaromatics, the method of 
superposition may predict more drastic distortions than 
actually occur. 
It is also clear that distortions can be mutually 
constructive, i.e. when two chlorines or two nitrogens are 
meta- to one another, or a chlorine and a nitrogen are 
ortho- or para- to one another. Hence their positions are 
important in predicting the amount of distortion observed. 
It was also observed that, in the presence of a 
heteroatom, the chlorine substituent appears to have a 
greater distorting ability than in the equivalent 
chlorobenzene; it does not seem to be enough merely to add 
the isolated effects. The temptation to assign "angular 
parameters" to heteroatoms, as was done for substituents, 
might therefore be too simplistic an approach. 
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9.4. Further Work 
It would certainly be interesting to go on to study 
other polyazines, more highly-substituted polyazines, and 
equivalent molecules not only where the substituent is 
varied, but also the heteroatom, for example the 
chlorophosphabenzenes. This would start to provide 
evidence for heteroaromatic distortion effects down a 
group in much the same way as has already been described 
for the substituents themselves. 
However, attention should be paid to the accuracy 
and reliability of the structures obtained up to now. All 
but three compounds studied in this work have ra structure 
determinations, the rest are r 8 structures, refined from 
ED data alone. Part of this lies in the fact that the 
polyazines are very reactive, and it is therefore 
difficult to obtain high-quality data from them. 
Additionally the low symmetry of the chloropyridines makes 
LCNMR analysis, with the current computer programs 
available, impossible due to the complexity of the 
spectra obtained. 
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CHAPTER 10 
EXPERIMENTAL 
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Experimental 
Commercial samples of 99 % pure 2-chioropyridifle, 
3-chloropyridifle, chioropyrazifle, 1,3,5-triazifle and 
4-chioropyridifle hydrochloride were purchased from the 
Aldrich Chemical Company, and all but the latter were used 
without further purification. 
4-chloropyridifle was only available in the salt form 
because the free pyridine is air- and moisture-sensitive. 
It was prepared from its hydrochloride by reaction with 
base. It was initially dissolved in 2 ml H20, to which 
5 ml NaOH (211) was added. It was then extracted three 
times with 30 ml CH7C12. The layers took some time to 
separate out, so NaCl was added to the vessel, lowering 
the surface tension of the upper aqueous layer. 
NgSO4 (anh) was then added to remove the water. The 
dessicant was filtered off and the sample placed in a 
rotary evaporator. Finally the 4-chioropyridifle was 
decanted into a Kugelrohr bulb with a minimum quantity of 
diethyl ether, and then distilled using the Kugelrohr 
apparatus. 
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1,2,3-triazifle and 1, 2,4,5-tetrazine were prepared 
by A. Bathany 103 . The triazine was synthesised from the 
reaction of pyrazole with H,NOS03H in the presence of 
base, giving N-aminopyrazole' 104) , which was then oxidised 
by reacting it with NaI04( 05 ). 
1,2,4,5-tetrazifie 	was 	synthesised 	from 	ethyl 
diazoacetate, N 7 CHCO2Et. It was then oxidised by reacting 
it 	with 	HNO2 in 	the presence of base, producing 
3,6-dicarbOxyl 	tetrazine( 1 06) . This 	decomposed 	upon 
heating to give the tetrazine. 
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Atomic co-ordinates of 2-chioropyridine 
Atom 	x 	ix 
Ni 	0.00000 	0.00000 	0.00000 
C2 	0.00000 	1.35069 	0.00000 
C3 	0.00000 	2.17095 	1.11597 
C4 	0.00000 	1.50742 	2.33168 
C5 	0.00000 	0.12424 	2.40262 
C6 	0.00000 -0.58910 	1.21545 
C17 0.00000 	2.24247 -1.50183 
H8 	0.00000 	3.24937 	0.99659 
H9 	0.00000 	2.07230 	3.25803 
H10 0.00000 -0.40177 	3.35159 
H11 0.00000 -1.67127 	1.29381 
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Atomic co-ordinates of 3-chioropyridine 
Atom 	x 	x 
Ni 	0.00000 	0.00000 	0.00000 
C2 	0.00000 	1.34900 	0.00000 
C3 	0.00000 	2.07371 	1.18774 
C4 	0.00000 	1.43096 	2.42177 
C5 	0.00000 	0.03974 	2.40045 
C6 	0.00000 -0.64101 	1.18697 
CL7 0.00000 	3.80213 	1.01186 
H8 	0.00000 	2.01332 	3.33636 
H9 	0.00000 -0.51396 	3.33267 
H10 0.00000 -1.72482 	1.21780 
H11 0.00000 	1.89112 -0.93899 
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Atomic co-ordinates of 4-chioropyridine 
Atom 	x 	x 
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Atomic co-ordinates of chioropyrazine 
Atom X Y Z 
Ni. 0.00000 0.00000 0.00000 
C2 0.00000 1.34418 0.00000 
C3 0.00000 2.11474 1.13850 
N4 0.00000 1.55554 2.36084 
C5 0.00000 0.21142 2.37456 
C6 0.00000 -0.54693 1.22789 
C17 0.00000 	2.22501 -1.50229 
H8 	0.00000 	3.18560 	1.06191 
H9 	0.00000 -0.26797 	3.33517 
H10 0.00000 -1.61465 	1.33994 
- 200 - 
Atomic co-ordinates of 1,2,3-triazine 
Atom 	x 	x 
Ni 	0.00000 	0.00000 	0.00000 
N2 	0.00000 	1.18215 	0.61684 
C3 	0.00000 	1.19979 	1.97013 
C4 	0.00000 	0.00000 	2.63853 
C5 	0.00000 -119979 	1.97013 
N6 	0.00000 -1.18215 	0.61684 
H7 	0.00000 	2.15005 	2.50237 
H8 	0.00000 	0.00000 	3.72769 
H9 	0.00000 -2.15005 	2.50237 
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Atomic co-ordinates of 1,3,5-triazine 
Atom 	x 	x 
Ni 	0.00000 	0.00000 	0.00000 
C2 	0.00000 	1.12352 	0.73024 
N3 	0.00000 	1.19417 	2.06836 
C4 	0.00000 	0.00000 	2.67623 
N5 	0.00000 -1.19417 	2.06836 
C6 	0.00000 -1.12352 	0.73024 
H7 	0.00000 	2.07231 	0.18245 
H8 	0.00000 	0.00000 	3.77181 
H9 	0.00000 -2.07231 	0.18245 
- 202 - 
Atomic co-ordinates of 1,2,4,5-tetrazine 
Atom 	x 	x 
Cl 	0.00000 	0.00000 	0.00000 
N2 	0.00000 	1.26194 	0.47068 
N3 	0.00000 	1.26194 	1.79754 
C4 	0.00000 	0.00000 	2.26822 
N5 	0.00000 -1.26194 	1.79754 
N6 	0.00000 -1.26194 	0.47068 
H7 	0.00000 	0.00000 -1.08500 
H8 	0.00000 	0.00000 	3.35322 
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implicit double precision (A-H 2 O-Z) 
reai*4 rm 
common/m80/PAR(30),R(100),RM(100),U( 0 ) 
dimension X(100),Y(100),Z(100) 





Molecule in YZ plane 
Y-axis between Ni & C2; N at origin 
Ri = N1C2 
R2 = C2C3 
R3 = C3C4 
R4 = C4C5 
R6 = N1C6 
C 
	 R7 = C3C17 
C 
	 R8 = C4H8 
C 
	 R9 = C4H9 
C 
	 RiO = C5H10 
C 
	 Ri]. = C6H11 
C 
	 PAR(1) = (Ri+R6)/2 
C 
	 PAR(2) = R1-R6 
C 
	 PAR(3) = (R2+R3+R4+R5)/4 
C 
	 PAR(4) = R2-(R3+R4+R5)/3 
C 
	 PAR(5) = R3-(R4+R5)/2 
C 
	 PAR(6) = R4-R5 
C 
	 PAR(7) = (R8+R9+RiO+Rii)/4 
C 
	 PAR(8) = (R8+Rll)/2-(R9+R].0)/2 
C 
	 PAR(9) = R8-R11  
C 
	 PAR(10) = R9-R1O 
c PAR(11) = R7 
C 
	 PAR(12) = L C6N1C2 
C 
	 PAR(13) = L N1C2C3 
C 
	 PAR(14) = L C2C3C4 
C 
	 PAR(15) = L N1C2C17 
c PAR(16) = L C2C3H8 
C 
	 PAR(17) = L C3C4H9 
C 
	 PAR(18) = L C6C5H1O 
C 
	 PAR(19) = L N106H11 




A3=PAR( 14) *RAD 
- 205 - 
A4=PAR(1 5) *RAD 
A5=PAR(16)*RAD 
A6=PAR(17)*RAD 
A7=PAR( 18) *RAD 
A8=PAR(19)*RAD 
R1=PAR(1 )+PAR(2)/2. 
R2=PAR(3)+3 . *PAR(4)/4 
R3=PAR(3)PAR(4)/4.+2.*PAR(5)/3. 
R4=PAR(3)-PAR(4)/4.-PAR(5)/3.+PAR(6)/2. 



































c calculate rotation constants 
Subroutine EXTRA(X I Y,Z,E) 
Implicit Double Precision (A-H 2 O-Z) 
Common/N80/PAR(30) ,RT(250) 
Dimension E(100) ,X(100) ,Y(100) , Z(100) ,AM(50) ,RR(3) 
NA= 11 


















AM(7 ) =AMCL37 








"ED92" COMMAND LINES 
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Command no. :01 
Commands 10-19: parameters in refinement 
10 Present state of commands 12-19 
11 Clear commands 12-19 ... nothing refines 
13 Refine parameters 
14 Refine amplitudes 
15 Add amplitude constraint 
16 Remove amplitude constraints 
17 Set up R factor loop 
18 Set up 2-dimensional R factor loop 
19 Read phase parameters 
Command no. :02 
Commands 20-29: refinement conditions 
20 Present state of commands 22-29 
21 Clear commands 22-29 to standard values 
22 Set no. of cycles of refinement 
23 Set partial shift 
24 Refine r(a), r(g) or r(alpha) parameters 
25 Refine on I(s)*s**4 or I(s)*s**5 
26 Set up weighting scheme 
27 Read extra distance data from file 'XYZDIST' 
Command no. :03 
Commands 30-39: printout requirements 
30 Present state of commands 32-39 
31 Clear commands 32-39 to standard values 
32 Print parameters every cycle 
33 Omit part of parameter list 
34 Print correlation matrix 
35 Print table of s limits, etc. 
36 Print table of parameters 
37 Read new label 
38 List atom coordinates 
39 Calculate bond lengths and angles 
Command no. :04 
Commands 40-49: molecular parameter modification 
40 List current parameters 
42 Read complete parameter set 
43 Read scale factor line 
44 Read distance line 
45 Read parameter line 
46 Remove distance lines 
47 Change number of distances 
48 Read atomic numbers 
49 Change number of indep. and dep. parameters 
- 209 - 
Command no. :05 
Commands 50-59: intensity data modification 
50 List s limits and weighting points 
51 Input new intensity data from XYZFILE 
52 Change s mm 
53 Change s max 
54 Change lower weighting point 
55 Change upper weighting point 
56 Ignore or restore data set 
57 Subtract background 
58 Subtract background (odd point) 
59 Subtract background (spline function) 
Command no. :06 
Commands 60-69: lineprinter plots 
60 Present state of commands 62-69 
61 Clear commands 62-69 ... no linepririter plots 
62 Plot intensity curves on lineprinter 
63 Plot combined intensity curves on lineprinter 
64 Plot P(r)/r on lineprinter 
65 Plot P(r) on lineprinter 
66 Read radial distribution curve parameters 
Command no. :07 
Commands 70-79: non-e.d. data 
70 Present state of commands 72-79 
71 Clear commands 72-79 . . . ignore non-e.d. data 
72 Change number of non-e.d. data 
73 Change one non-e.d. data line 
74 Ignore or include non-e.d. data in refinements 
75 Scale all non-e.d. uncertainties by a common factor 
76 Replace a set of non-e.d. data values 
77 Replace a set of non-e.d. data uncertainties 
78 Replace a set of amplitudes of vibration 
79 Replace a set of K-values 
Command no. :08 
Commands 80-89: graphplotter plots 
80 Present state of commands 82-89 
81 Clear commands 82-89 ... no graphplotter plots 
82 Plot intensity curves on graphplotter 
83 Plot combined intensity curve on graphplotter 
84 Plot P(r)/r on graphplotter 
85 Plot P(r) on graphplotter 
86 Read radial distribution curve parameters 
88 Plot size 
Command no. :09 
Commands 90-99: programme termination 
90 Present state of commands 92-98 
91 Clear commands 92-98 to standard values 
92 Set convergence criteria 
93 Protect parameter set 
99 Store commands 
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ABSTRACT 
The molecular structure of silyl acetylene has been derived from direct dipolar couplings ob-
served in the NMR spectra of solutions in nematic liquid crystal solvents, and compared with the 
gas phase structure determined by joint analysis of electron diffraction and microwave (rotation 
constant) data. In each analysis the appropriate corrections for harmonic vibrations consistent 
with the observed vibration frequencies have been made, so that each structure is formally on an 
ra or r,°  basis. The HSiC bond angle is significantly different in the liquid crystal solvent, 108.99(1)' 
compared with 109.22(7)' in the gas, which is consistent with a slight opening out of the SiH 3 
group, perhaps because of a weak donor-acceptor interaction between a -CN group of the solvent 
and silicon. Absolute values of bond lengths cannot be determined in the liquid crystal solvent, 
but making the assumption that the CC bond length is the same as in the gas phase (120.75 
pm) we find that the Si-C bond is also the same length as in the gas phase, and the Si-H bond is 
only slightly lengthened: (rSi-C 182.46(26) pm; 182.68(7) pm in gas: rSi-H 148.76(10) pm; 
148.03(13) pm in gas). The gas phase structure has rC-H 106.19(6) pm; in the liquid crystal the 
CH bond length appears much shorter, 103.14(14) pm, probably because of effects associated with 
the curvilinear motions of atoms in the bending vibrations. Strict linearity of the SiCCH group is 
assumed in all structures. 
INTRODUCTION 
The molecular structure of silyl acetylene (3-sila-propyne) in the gas phase 
has been studied by microwave spectroscopy [1-3] and electron diffraction 
[41, though the results of the latter study remain unpublished. The direct cou-
plings between hydrogen nuclei and other spinning nuclei in samples of silyl 
acetylene dissolved in liquid crystal solvents have recently been measured, and 
the data have been used to derive a consistent structure for this phase so that 
it could be compared with that of the gaseous molecule, using all the available 
0022-2860/90/$03.50 	© 1990 Elsevier Science Publishers B.V. 
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data. In the course of the analysis various problems associated with the indi-
vidual data sets and with the harmonic force field analysis needed to reduce all 
the structures to a common basis (ra ) had to be solved. The present paper 
reports on these analyses and shows how some of the problems that have arisen 
in the determination of the structure of what appears at first sight to be a 
comparatively simple molecule may be explained. 
EXPERIMENTAL 
The sample was prepared by a modification of the published method [5], 
using LiCCH and SiBrH 3 in di-n-butyl ether solution at room temperature. 
The product was extracted from solution and purified on a vacuum line by 
fractional distillation; identity and purity were checked using mid-JR 
spectroscopy. 
'H spectra were obtained using a Bruker WP200 spectrometer, and ' 3C spec-
tra using a Bruker WH360 spectrometer. Mid-JR spectra were run using a 
Perkin-Elmer 598 spectrophotometer. 
NMR spectra were obtained for samples of silyl acetylene dissolved in the 
liquid crystals BDH E5 and Eli in their nematic states. Measurements were 
made on a 2% (0.2 mmol, ii mg, in 0.55 ml) solution in E5 of the 'H spectrum 
with very carefully controlled sample temperature (297.8 K). The 13C spec-
trum was run in Eli solvent at a slightly different temperature; couplings mea-
sured from this spectrum were therefore included in the analysis with an in-
dependent orientation parameter, S. The indirect (J) couplings also required 
for the analysis were obtained from 'H and 13C spectra of samples (0.1 mmol, 
0.3 mmol respectively) dissolved in CDC1 3. The three-bond J(CH) coupling 
was not resolved in the spectrum of the SiH protons, and the 13C signal due to 
the carbon atom involved was not found, so this coupling was undetermined, 
and had to be refined as part of the analysis of the direct couplings (see below). 
The 'H spectrum in the nematic solvent was second-order. Analysis of the 
spectrum of the isotopically normal species (using the program LEQUOR [ 6 ] ) 
allowed trial predictions to be made of the spectra of species containing ' 3C 
and "Si nuclei; these resonances were then identified among the weaker peaks 
in the spectrum and analysed in the same way. The indirect and direct cou-
plings obtained from these analyses are listed in Table 1. 
Electron diffraction data were obtained using the Edinburgh apparatus [7], 
with the sample held at 209 K and the nozzle at 293 K. Data were recorded 
photographically on Kodak Electron Image plates, and plates were traced us-
ing a computer-controlled Joyce-Loebi microdensitometer at the SERC labo-
ratory at Daresbury [8]. The data reduction and analysis of the data were 
performed using our usual programs [8,91 and the scattering factors of Schafer 
et al. [10]. The weighting points used in setting up the off-diagonal weight 
matrix, s ranges, scale factors, correlation parameters and electron wave- 
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TABLE I 
Indirect (J) and direct (D) couplings between spinning nuclei for silyl acetylene dissolved in E5 
and Eli. and calculated harmonic corrections (Hz) 
Atoms J D0 , d" 
In E5 at 297.8K, 'H spectrum 
HH 730.52(2) -22.03(20) 752.55(20) 752.55 
HH' -1.47 -175.37(20) -0.05(1) 175.32(20) -175.36 
SiH -219.70 -425.06(30) 23.03(20) -448.09(38) -448.10 
SiH' -6.15 62.59(100) -0.64(1) 63.22(100) 64.44 
CH [+6.6(7)] -157.62(25) 3.60(10) -161.22(30) -161.25 
CH +43.29 -425.31(2) 35.44(10) -487.75(10) -487.74 
CH +3.97 -80.64(44) -0.13(1) -80.51(44) -79.93 
In Eli, ' 3C spectrum, room temperature 
CH 	E+6.6(7)]a -180.2(50) 4.1(1) -184.3(50) -176.9 
CH' +43.29 -495.2(10) 38.8(1) -534.0(10) -534.2 
C'H 	+3.97 -85.6(50) -0.1 -85.5(50) -87.5 
C'H' +239.50 -4620.9(50) 842.9(50) -5463.8(70) -5463.6 
Refined in analysis of structure; see text. 
TABLE 2 
Weighting functions, correlation parameters and scale factors 
Camera As 	8mm S.1 	 s,,2 s Correlation Scale Electron 
distance (nm') 	(nm') (nm') 	(nm') (nm') parameter 	factor wavelength 
(nm) (pm) 
285.84 	2 	20 40 	122 144 0.4598 	0.822(16) 5.676 
128.27 	4 76 96 292 340 0.2662 0.810(26) 5.675 
lengths are shown in Table 2. The combined molecular scattering intensities 
and final differences are shown in Fig. 1, and the radial distribution curve and 
final difference curve are shown in Fig. 2. 
Existing microwave data [1-3] (Table 3) were used, the results of Carlier 
and Bauer [ 3 ] being preferred in view of their greater stated accuracy. As will 
be seen from the discussion below the precision of the experiments is not in 
fact the controlling factor in the usefulness of these data. 
The normal coordinate analysis required for the calculation of harmonic 
corrections to observed direct couplings and for conversion of B0 to B2 rotation 
constants was carried out using our program GAMP [11]. A force field based 
on that suggested by Duncan [12] was used, but the diagonal and off-diagonal 
force constants were adjusted to give a perfect frequency fit for the normal 
species and to investigate the ranges of variation of the corrections consistent 









Fig. 2. Observed and final difference radial distribution curves, P(r)/r, for silyl acetylene. Before 
inversion the data were multiplied by sexp [ -0.00002s'] / (Zc  —Ic) (Z51  fSi). 
with such a perfect frequency fit. The analysis also gave perpendicular correc-
tion terms K and spectroscopic values of all interatomic amplitudes of vibra-
tion used in the electron diffraction analysis, together with small corrections 
to heavy-atom bond lengths on isotopic substitution [13]. 
The harmonic force field analysis also gave the mean square amplitudes of 
motion for the various atom pairs, which are required for the calculation of the 
harmonic corrections to the observed direct couplings. Two independent pro-
grams were used to calculate these corrections, both based on the equations 




Species B 0 Correction B2 Ref. 
Normal 4828.665(1) 1.355(100) 4827.310(100) 3 
29 Si 4775.656(2) 1.346(100) 4774.310(100) 3 
30Si 4725.686(2) 1.337(100) 4724.349(100) 3 
' 3C 4804.021(2) 1.290(100) 4802.731(100) 3 
13C 4662.336(3) 1.298(100) 4661.038(100) 3 
(C)D 4449.349(14) 0.970(100) 4448.379(100) 2 
SiDH 2 B 4675.838(20) 1.481 (200) 4674.357(200) 2 
SiDH2 B—C 82.811(20) 1.934(200) 80.877(200) 2 
given by Diehl and co-workers [14]. The calculated corrections are given with 
the data in Table 1. The uncertainties in these corrections, which have been 
shown to be of prime importance in assessing the precision attainable in struc-
ture determination [15], were derived empirically by using various force fields 
consistent with the observed vibration frequencies and taking the range of 
variation in each calculated correction as a measure of its uncertainty. As the 
force field analysis requires the input of a structure, an iterative process was 
used whereby a trial structure was used to calculate corrections, leading to 
corrected direct couplings which defined a new structure. This was then taken 
as a new starting point for the force field analysis, leading to new corrections, 
new corrected couplings and a further structure. Only two iterations were re-
quired to achieve convergence. 
RESULTS AND DISCUSSION 
Electron diffraction 
The electron diffraction data were analysed using a model that required the 
SiCCH group to be linear. A small extraneous peak near 220 pm in the radial 
distribution curve suggested the presence of a small amount of silyl bromide 
in the sample, and when this was allowed for the overall R factor dropped. The 
minimum R factor corresponded to 3.3% SiBrH 3. The refined SiH bond length 
was initially somewhat longer than expected, about 151 pm rather than 148 
pm, and this was found to be associated with the presence in the sample of a 
small amount of disiloxane, which has a major peak in the radial distribution 
curve at 160 pm. Allowance for this impurity as well gave an improved R factor 
and a reasonable SiH bond length, with 2.5% 0 (SiH 3  ) 2 impurity. At this stage 
the overall R factor (R G ) was 0.11; the ED-only r,,,°  structure parameters are 
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listed in Table 4. The other refining parameters appear reasonable, but the 
uncertainty of the CH bond length is high (1 pm). The CC bond length is 
very similar to that in acetylene itself (re = 120.25 pm [16]). 
Microwave 
The microwave data have already been used to calculate an rr structure [2], 
which has a rather long CC bond (120.8 pm) but is otherwise reasonable, but 
not the same as our ED-only structure (Table 4). In an attempt to improve on 
the r structure a multi-isotope r structure has been calculated using both the 
B0 to B corrections from our harmonic force field calculations and the small 
bond length corrections for heavy atom isotopic substitution [13]. In addition, 
it is necessary to include as structural parameters the change in length between 
C-H and C-D bonds and between Si-H and Si-D bonds, so that the deuterium-
substituted species can be legitimately included. In principle the HSiC and 
DSiC bond angles could be taken as different, but this has not been found to 
be helpful here and the difference was fixed at zero. 
A problem became apparent at this stage. The microwave B0 data are ex-
tremely precise, being given to a few parts in 10 million for some species. The 
calculated B 0 to B,, corrections, however, are critically dependent on the exact 
frequency adopted for v 10 , the SiCC bend, which is around 220 cm'. As the 
overtone of this mode is reported to be at 425 cm 1  [ 5 ] it is clearly significantly 
anharmonic, and the observed band centre cannot necessarily be used as the 
true frequency or even as a true indication of the 0-1 energy difference (be-
cause of the importance of hot bands with such a low vibration frequency). 
This means that the true vibration frequency must be uncertain by some 





ED Combined LCNMR 
ra 
rSiC (pm) 182.6 182.62(14) 182.52(11) 182.68(7) 182.46(26) 
rSiH (pm) 148.8 147.94(22) 148.61(35) 
148.03(13)a 148.76(10) 
rCC (pm) 120.8 120.85(19) 120.07(12) 120.75(9) 120.75 (fixed) 
rCH (pm) 105.8 
106•14(10)b 108.23(102) 106•19(6)b 103.14(14) 




3J(CH) (Hz) 6.6(7) 
0.11 0.13 
r(C-D)-r(C-H) fixed at -0.20 pm. 'r(Si-D)-r(Si-H) fixed at -0.23 pm. 
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in the B 0 toB correction is then of the order of 0.1 MHz, much larger than the 
experimental uncertainty in B0 . As a result the corrected data have compara-
tively large uncertainties (Table 3). In addition, the corrections for the slightly 
asymmetric SiH 2D- species must be calculated using the reduced symmetry of 
this species (C5 ) and are not necessarily exactly comparable; the effects of the 
asymmetry on the measured value of B0 - Co are also unknown. It seems safer 
then to adopt larger uncertainties for the corrected values of B + C and B - C 
for this species. 
The resulting structure is quite similar to the published r9 structure, with 
the long CC bond (see Table 4). The fit to the corrected rotation constants 
is poor, with discrepancies of well over 0.1 MHz. It is suggested that this is due 
to the failure to allow for the non-linear motion in the low-frequency bending 
mode. This being so, the microwave data, which appear to be so precise, cannot 
be used to define an equilibrium or near-equilibrium structure without full 
allowance for the non-rectilinear motion in the bending mode. One way this 
could be done is to use for each species the B0 data together with the rotation 
constant for the first vibrationally excited state of the bend, B 1 , to define what 
has been called B*  for each species. In this case B*  is known for the normal 
species, as B 1 has been reported, but is not known for the other isotopic species. 
The difference between B0 and B*  is large (about 20 MHz) and it may well be 
that using B*  rather than B would give a more consistent set of data. This 
cannot be tested until B*  values are available for other isotopic species. 
A further point to note is that the microwave data are unable to define the 
C-H and Si-H bond lengths unless the HID  bond length differences are held 
fixed. Values of 0.20 and 0.23 pm respectively have been adopted; these values 
lead to sensible C-H and Si-H bond lengths and are consistent with the known 
bond length differences in methane and silane [17,18]. 
Combined gas-phase data 
In view of the differences between the ED-only and microwave structures it 
appeared uncertain whether it would be worthwhile attempting to combine the 
data sets to define an average (ray ) structure. The result showed, however, that 
it was possible to accommodate both sets of data, though this caused increases 
in the electron diffraction R factor (RG rose to 0.13) and in the discrepancies 
in the microwave data (now up to 0.17 MHz). An extra carbon atom position 
was defined solely for the calculation of the non-bonded Si . C and longest 
H . C distances in fitting the ED data, by introducing a shift along the molec-
ular axis from the position of the carbon atom whose position is defined by the 
CC bond length. This makes some allowance for the non-rectilinear motion 
in the lowest-frequency bend, which is otherwise not properly dealt with by 
the usual K correction term. The combined data gave a sensible structure, 
which was better determined than either data set could provide in isolation. 
The physical significance is also higher, as it explains more data than either of 
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TABLE 5 
Interatomic distances (re ) and amplitudes (pm) for combined gas phase structure 
Atoms Distance Amplitudes 
Si-H 148.9 9.9(3) 
Si-C 183.2 6.0(2) 
C=_C 1 122.2 4.4(3) 
C'-H' 108.9 7.6 
Si •C 302.4 6.6(3) 
Si•H 410.1 14.5(36) 
H-C 271.3 8.8(9) 
H'- -C 229.7 7.9 
H"C 377.8 14.1(22) 
H- H 242.9 14.9 
H H 479.3 19.1 
Amplitudes without errors in parentheses were fixed at spectroscopic values. 
TABLE 6 
Least squares correlation matrix' for silyl acetylene 
rSiC rCH 	 uC'H Scale factor, data set 2 





'All elements are scaled by a factor of 100, and only off-diagonal elements with absolute val-
ues> 50% are included. 
the other structures, if somewhat less well. The estimated standard deviations 
of the parameters were lower in all cases, and the values shown in Table 4 
should represent the best gas phase structure that can be determined from data 
available at present. The interatomic distances used (ra ) and amplitudes, re-
fined or fixed, are given in Table 5. The correlation matrix for refining param-
eters and amplitudes is given in Table 6. 
Liquid crystal direct couplings 
This now allows the structure found in the liquid crystal to be compared 
with that in the gas phase. The need to define an orientation parameter means 
that it is impossible in general to refine distances themselves in such experi-
ments, but bond angles and ratios of distances can be determined if the re-
quired direct couplings are measured. In this case the HSiC bond angle can be 
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calculated directly from the ratio of two couplings; it is precisely defined and 
slightly smaller than that found in the gas phase (Table 4). The choice of a 
standard distance for scaling is not easy. It may be supposed that distances 
from Si might alter significantly if there is any coordination of the donor groups 
of solvent molecules to Si, as has been shown to happen in SiH 3CN [19]. A 
CC distance of 120.75 pm , as found in the gas phase, was chosen as the 
standard, and this leads to the other distances listed in Table 4. The Si-C bond 
length is very similar to that found in the gas phase, and the Si-H distance 
only slightly longer. There is thus no decisive evidence that the bonding at Si 
is perturbed by additional bonding from donor groups of the solvent except the 
slight decrease in the H&C bond angle. This decrease in only 0.230,  one tenth 
as much as was found in silyl cyanide [19]. 
A remaining puzzle is the very short CH bond length found in the liquid 
crystal solution, only 103.14(14) pm. This is of course determined essentially 
by the enormous direct dipolar coupling, DCH. The calculated harmonic vibra-
tional correction is also large (Table 1), but it seems unlikely that either is in 
error by 500 Hz, which would be required to make a 3% error in the distance. 
More reasonably the anomalously short bond distance found in this case may 
be ascribed to the effects of the curvilinear motion of the atoms in the bending 
motions. Lounila et al. have shown [20] that the transformation from curvi-
linear to rectilinear motion may introduce "anharmonic" corrections to bond 
lengths to terminal H atoms in HCN and HCCH of 2 or 3 pm, and Dombi et 
al. have indeed found that direct couplings in liquid crystal solutions of HCN 
lead to a CH bond length of about 103 pm if the CN bond is assumed to remain 
at the gas phase value [21], whereas the equilibrium value is over 106 pm. 
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